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I 

Hydrogen and oxygen are at this time the leal ing candidate propellant 
combination for use in NASA's advanced missions - particularly the Space 
Tug or Orbit to Orbit Shuttle, 00s. 
develop and provide the National Aeronautics and Space Administration with 
information which would aid in assessing LOX/hydrogen engine and stage 
technology requirements for future missions. 
quantitatively define the importance of engine and stage design criteria 
on the sizing requirements of the complete stage. 
parameter (i.e. chamber pressure, area ratio and mixture ratio) optimi- 
zation analyses for two engine cycles as a function of stage size and 
mission profile. Also, sensitivity studies were undertaken to develop 
influence coefficients on factors such as engine weight, number of engines, 
Isp efficiency, coast times, initial departure orbit inclination, and 
design constraints, etc. 

The objective of this study was to 

The results of this study 

They include engine 

Five missions were investigated: a) earth orbit to synchronous orbit 
and return; b) earth orbit to lunar orbit and return; c) lunar orbit to 
lunar surface and return to lunar orbit; d) retro of a scientific payload 
into a Martian orbit; and e) a two-burn Mars mission in which the stage 
provided the interplanetary transfer velocity increment as well as the 
planetary orbit insertion. 

These studies have been accomplished utilizing "Chrysler's Upper 
Stage Sizing and Evaluation Routine computer program described in Section 
2. Use of this program enables rapid and accurate optimization studies to 
be performed on chemical upper stages requiring "n" burns and "nrl different 
payloads. 
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To meet the objectives of this study it was necessary to size a very 
large number of stages corresponding to a wide range of missions, payloads, 
design constraints and design alternatives (e.g., selected materials of 
construction). 
a digital computer program was used. The program has the capability to 
accomplish stage optimization for a specified mission considering the 
following major variables or constraints and their interdependent relation- 

To facilitate the handling of this large number of variables, 

ships : 

1. 

2. 

3. 

4 .  

5. 

6 .  

7 .  

8. 

9. 

10. 

1.1. 

12 e 

13. 

The 

Engine chamber pressure, area ratio, mixture ratio and thrust. 

Number of coast periods and time duration of each. 

Payload requirements for each burn. 
used for each burn). 

Thermal control and meteoroid protection requirements. 

Jettisonable weights (size internal to program) and jettison time. 

Power system requirements and weights. 

Propulsion system weights (including pressurization, propellant 
residual, reaction control system and propellant orientation 
systems, etc.) 

Astrionics weights. 

Miscellaneous weights. 

Payload weights. 

Dimensional constraints (e.g., maximum diameter). 

Design constraints (e.g., minimum skin gauges). 

Structural design (e.g., semi-monocoque, honeycomb, etc.). 

(A different payload can be 

following paragraphs describe the computer program and illustrate 
the manner in which it was used for this study. 
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2.2 SIZING C 

2.2.1 General 

The sizing computer program which was used in this study is comprised of 
numerous smaller subprograms and subroutines that are used to analyze the 
requirements for the various systems which make up an upper stage. Table 
2-1 provides a listing of the more important subroutines included in the 
program. 

Table 2-1 Upper Stage Sizing Program Subroutine Listing Summary 

GUS SER - is the main subroutine which handles the program control, 
determines the stage geometry and size, computes propellant 
load requirements and selects the optimum stage for each 
mission. This subroutine is predicated upon a specified 
stage gross weight. The payload is computed as the dependent 
variable. 

WCREEP - is an alternate routine to CUSSER and differs only in that 
this routine is used for cases where payload is specified 
as the independent parameter, and the stage weight is the 
dependent variable. 

TRERM - which is comprised of several other subroutines, optimizes 
the thermal control system on the basis of minimum thermal 
mass penalty. It determines the optimum combination of 
insulation thickness and tank pressure. The subroutine also 
determines the initial ullage volume requirements, tank 
weights, pressurization system weights, and the amount 
venting (if desired) 

METEOR - establishes meteoroid protection requirements and determines 
the optimum shield geometry and weight. 

STRUCT - computes the weight of the shell and interstage. 

THRST - determines the thrust cone and spider beam weight. 

RCS3 - determines the weight of reaction control propellant 
required and the entire subsystem weight on the basis of a 
limit cycle analysis 

w 

P 
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The program is designed to permit the determination of either: 1) 
the optimum size upper stage and corresponding payload for a specified 
mission and specified booster, or 2) the required stage size for a specified 
mission and specified payload(s). 
parameter optimization is accomplished in the same fashion, i.e., by means 
of a series of do-loops within the program which vary the engine parameters 
one at a time and determine the corresponding payloads or stage size. For 
example, if 5 values were assumed for each of the 3 parameters (Pc,E and MR) 
then 125 (5 x 5 x 5) payloads (and their corresponding stages)would be 
determined. 

For either of these options the engine 

The program has the capability of finding the optimum by means of a 
search technique; however, in general these data are manually cross plotted 
to find the optimum engine parameters. This permits sensitivities to off- 
optimum selections to be identified. 

If the option is selected which accomplished stage sizing for a 
specified booster and mission, the approach used is as follows: 
weight (sum payload, total stage weight and interstage weight) is assumed 
as the independent variable and stage size, payload, interstage weight and 
propellant load are all computed as dependent variables. This is done to 
allow the velocity split between the booster and the upper stage to be 
determined in a straight forward manner. 
vehicle performance capability plot; i.e., payload (or gross weight above 
the booster) versus velocity. 

Stage gross 

Figure 2.1 shows a typical launch 

The total mission velocity is defined as: 
rl 

i=l 
- 

Mission - Booster -F Upper Stage Burnsi 

where n is the total number of burns. 

50 

30 
h 

m 

c7 
0 .- 
W 

n 
8 10 
>- 

e 5  
Qp 
w 
I- g 3' 
at 

25 30 35 40 45 50 li 

BOOSTER VELOCITY ( 103 FPS 

Figure 2- 1 Typical Launch Vehicle Performance Capability Plot 
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Thus, i f  t h e  upper s t a g e  gross  weight i s  s p e c i f i e d  then t h e  v e l o c i t y  
which can be obtained from t h e  booster  can be determined from f i g u r e  2-1 
and t h e  t o t a l  v e l o c i t y  requirement of t he  upper s t a g e  can be determined from 
t h i s  equation. 
combination of engine parameters) and t h e  v e l o c i t y  requirements,  t h e  upper 
stage p r o p e l l a n t  load requirements can be computed as follows: 

Knowing t h e  s p e c i f i c  impulse (corresponding t o  a p a r t i c u l a r  

and 

pi  = exp i = 1 , 2 , 3 , .  . . 7 burns 
g I s p  

Solving f o r  t h e  p rope l l an t  consumed during each burn 

hence t h e  t o t a l  p rope l l an t  load becomes 
n 

wpRop TOTAL i=l 

where fl accounts f o r  r e s i d u a l s .  

Based on the  t o t a l  c a l c u l a t e d  p r o p e l l a n t  load,  var ious geometries are 
considered f o r  t rade-off  w i t h i n  the  program. For each of t hese  geometries,  
t h e  i n e r t  weights are determined and the  geometry which y i e l d s  maximum pay- 
load i s  s e l e c t e d .  Payload is  determined by s u b t r a c t i n g ,  from the  assumed 
gross  weight,  t h e  p r o p e l l a n t  load and a l l  t h e  i n e r t w e i g h t s .  The remainder 
i s  payload which, i f  t h e  mission requirements are too severe, may be computed 
as less than zero.  The optimum gross  weight and, hence, s t a g e  s i z e  and pro- 
p e l l a n t  load are  determined by varying assumed gross  weights u n t i l  a c r i t i c a l  
p o i n t  (e.g., maximum) i s  obtained i n  a p l o t  of payload versus  gross  weight.  

I f  t h e  op t ion  i s  s e l e c t e d  which determines s t a g e  s i z e  as a func t ion  of 
i npu t  payload requirements,  t he  c a l c u l a t i o n  procedure is  similar except t h a t  
gross  s t a g e  weight i s  i n i t i a l l y  es t imated and then i t e r a t e d  upon u n t i l  t he  
computed g ross  weight agrees  t o  w i t h i n  a s p e c i f i e d  tolerance.  Figure 2.2 
p re sen t s  a s i m p l i f i e d  diagram showing the  manner i n  which p rope l l an t  loads 
and subsystem weights a re  ca l cu la t ed .  

The following paragraphs d i scuss  the  va r ious  geometries which are i n -  
corporated i n  the program and the  s t r u c t u r a l  , thermal p r o t e c t i o n ,  meteoroid 
p r o t e c t i o n ,  r e a c t i o n  c o n t r o l  system, and o t h e r  subrout ines  which are used. 

c 

I 

c 
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INPUT 

MISSION (AV, COAST TIMES, N O .  OF BURNS 1 
PAYLOAD OR GROSS WEIGHT 
TYPE OF CONFIGURATION 
STAGE DESIGN CONSTRAINTS ( TANK SPACING, ETC ) 
ENGINE DATA ( Isp, WEIGHT, DIMENSIONS ) 
BOOSTER CAPABILITY ( PERFORMANCE, DIMENSIONS ) 
MATERIAL DATA (DENSITY, STRESS, ETC) 
PROPELLANT DATA (DENSITY, VAPOR PRESSURE, ETC ) 

CUSSER PROGRAM 

ENGINE SIZE AND PERFORMANCE (SPECIFIED T /  W ) 
STAGE'S USEABLE AND TOTAL PROPELLANT LOAD 
TANK SIZE AND GEOMETRY 
THERMAL OPTIMIZATION OF PROPELLANT TANKS 

ULLAGE PRESSURE 
THERMAL INSULATION THICKNESS 
TANK WEIGHT 
PRESSURIZATION SYSTEM WEIGHT 
VENTED OR UNVENTED SYSTEM 
BOILOFF 
VENT TIME 

THRUST STRUCTURE GEOMETRY AND WEIGHT 
SHELL GEOMETRY A N D  WEIGHT 
INTERSTAGE GEOMeTRY AND WEIGHT 
PROPELLANT FEEDLINE SIZE, GEOMETRY A N D  WEIGHT 
METEOROID ENVIRONMENT, SHIELD REQUIREMENTS 

A N D  WEIGHT 
REACTION CONTROL SYSTEM REQUIREMENTS AND 

WEIGHT 
MISCELLANEOUS SUBSYSTEM WEIGHTS 
STAGE WEIGHT 
PAYLOAD 
CHECK VARIATION IN PAYLOAD, STAGE WEIGHT 

AND USEABLE PROPELLANT LOAD 

OUPPUl 

STAGE PAYLOAD DATA (WEIGHTS, GEOMETRY ) 

ENGINE DATA (PERFORMANCE, SIZE 8 WEIGHT) 
SUBSYSTEM DATA (WEIGHTS, SIZES 8 REQUIREMENTS ) 
MISCELLANEOUS DATA ( THICKNESSES, STRESSES, ETC 

Figure 2 -  2 Simplified Program Logic Diagram 

2 . 2 . 2  Stage Configurations 

Chrysler's Upper Stage Sizing and Evaluation Routine (CUSSER) has the 
capability of analyzing 6 4  separate stage configurations. 
computes the required propellant load required to perform the desired 
mission; and sizes each stage to carry the necessary propellant while ad- 
hering to certain geometric constraints. The stages which are evaluated by 
the program are "designed" by specifying the type of tankage arrangement, 
the type of bulkhead on each set of tanks, and the type and location of the 
thrust structure. 

The program 

The five general tankage arrangements which can be evaluated are shown 
in figure 2 . 3 .  
pellant tank and one to four smaller tanks for the other propellant. 
geometry is based on two tanks for each propellant. 

Four of these consist of stages which have one large pro- 
Another 

The tandem tank version, figure 2 . 3 ( 1 ) ,  has the smaller propellant 
tank located directly above the larger tank. 
tank radii and the necessity of cylindrical sections in each set of tankage, 
on the basis of required tank volume and geometric constraints imposed on the 
stages' maximum diameter. 

The program determines the 

The next three tankage arrangements, figures 2 . 3 ( 2 ) ,  2 . 3 ( 3 )  and 2 , 3 ( 4 ) ,  
depict two, three and four small tanks, respectively, located below a single 
large tank. 
far from the stages' longitudinal axis as possible, without extending past 
the periphery of the larger tank. 
tanks is such that the stage's center of gravity (at ignition) lies along 
the vehicle's centerline. 
for the propellant having the largest total volume requirement (hydrogen 
in this case) e 

The small tanks of these three configurations are located as 

The angular displacement of the small 

The program assumes that the large tank is used 

The smaller tank(s) are used for the other propellant 
(oxygen) 0 
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Figure  2.3(5) shows t h e  last  tankage arrangement around which t h e  
s t a g e  can be "designed". 
A s  w i t h  t h e  o t h e r  geometries,  t h e  program determines t h e  tank r a d i i  and 
the  n e c e s s i t y  of c y l i n d r i c a l  s e c t i o n s  on t h e  b a s i s  of required tank volume 
and t h e  geometric c o n s t r a i n t s  imposed on t h e  s t age .  

This  geometry uses  t w o  tanks for  each p rope l l an t .  

Another s p e c i f i e d  cri teria i s  the type of bulkhead on each set of  
tanks.  Although t h e  tanks i l l u s t r a t e d  i n  f i g u r e  2.3 a l l  have hemispherical  
domes, i t  i s  poss ib l e  t o  s p e c i f y  e l l i p t i c a l  bulkheads f o r  e i t h e r  t h e  l a r g e r  
o r  smaller tank(s) , o r  both. 

The remaining i t e m  which must be  def ined i n  o rde r  f o r  t h e  program t o  
"design" a s t a g e ,  i s  t h e  type and l o c a t i o n  of t h e  t h r u s t  s t r u c t u r e .  Figure 
2.4 shows t h e  b a s i c  types -- t h r u s t  cone and s p i d e r  beam, and t h e  t h r e e  
poss ib l e  l o c a t i o n s  of  t h e  s p i d e r  beam. The program l o g i c  p l aces  t h e  t h r u s t  
cone, f i g u r e  2.4(1), d i r e c t l y  below t h e  l a r g e r  tank. This  permits t h e  s i n g l e  
smaller tank on t h e  tandem tank arrangement, f i g u r e  2.3(1) ,  t o  be placed 
above t h e  l a r g e r  tank; and t h e  small tanks on t h e  m u l t i p l e  tank vers ions,  
f i g u r e s  2.3(2) t h r u  2 . 3 ( 4 ) ,  t o  be loca ted  d i r e c t l y  below t h e  t h r u s t  cone. 
The cone type t h r u s t  s t r u c t u r e  cannot be u t i l i z e d  on the  t r a n s t a g e  vers ion,  
f i g u r e  2.3(5) 

A program op t ion  permits va r ious  l o c a t i o n s  of  t h e  s p i d e r  beam. The 
f i r s t ,  f i g u r e  2.4(2), l o c a t e s  t h e  s p i d e r  beam d i r e c t l y  below t h e  m u l t i p l e  
tanks.  The second., f i g u r e  2.4(3), l o c a t e s  t h e  s p i d e r  beam a t  t h e  c e n t e r  
of t h e  m u l t i p l e  tanks.  The las t ,  f i g u r e  2.4(4) ,  p o s i t i o n s  the  s p i d e r  beam 
so t h a t  t h e  e x i t  plane of t he  engine i s  a t  t h e  bottom of t h e  tanks.  The 
program checks each s p i d e r  beam l o c a t i o n  t o  i n s u r e  t h a t  t h e  gimbal po in t  
of t h e  engine i s  no t  above t h e  top  of t h e  tanks and t h a t  t h e  eng ine ' s  exi t  
plane i s  below t h e  bottom of t h e  tank. I f  e i t h e r  of t hese  c o n s t r a i n t s  i s  
v i o l a t e d ,  t h e  program r e p o s i t i o n s  t h e  s p i d e r  beam. A tandem tank-spider  
beam combination cannot be considered, because of t h e  excessive s h e l l  
length a s soc ia t ed  wi th  t h i s  conf igu ra t ion  would make the  s t a g e  weight un- 
d e s i r a b l y  high. 

The geometry of t h e  b a s i c  conf igu ra t ions  previously discussed are i n -  
fluenced by one o r  more geometric c o n s t r a i n t s .  The c o n s t r a i n t s  used i n  
the  program are l i s t e d  i n  t a b l e  2.2. The one which has the  l a r g e s t  impact 
on a l l  t h e  conf igu ra t ions  i s  t h e  maximum al lowable s t a g e  diameter.  

The maximum s t a g e  diameter is  a c o n s t r a i n t  which permits t h e  e n t i r e  
s t a g e ,  payload and i n t e r s t a g e ,  t o  be shrouded o r  c a r r i e d  i n t e r n a l l y  when 
des i r ed .  I f  a n  unshrouded s t a g e  i s  t o  be considered, t h e  diameter of t h e  
booster  i s  used as t h e  maximum s t a g e  diameter.  Depending upon the  t o t a l  
p rope l l an t  load and mixture r a t i o ,  t h i s  c o n s t r a i n t  determines whether o r  
not t h e  s i n g l e  l a r g e  p rope l l an t  tank h a s  a c y l i n d r i c a l  s ec t ion .  
f luences t h e  length of t h e  l a r g e r  tank which determines,  t o  a l a r g e  e x t e n t ,  
t h e  o v e r a l l  s t a g e  length.  
l imi t ed  by t h e  s t a g e  diameter because du r ing  s t a g e  sepa ra t ion ,  t h e  engine 
nozzle must pass through t h e  upper i n t e r s t a g e  opening, t he  diameter  of 
which i s  determined by t h e  s t a g e ' s  diameter.  

This i n -  

The maximum engine expansion r a t i o  i s  a l s o  
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Table 2-2 Constraints on Stage Geometries 

CONSTRAINT 
~~~ ~ ~~~ 

MAXIMUM STAGE DIAMETER 

SHELL TO TANK SPACING 

TANK TO TANK SPACING 

ENGINE TO TANK SPACING 

ENGINE EXIT TO BOOSTER SPACING 

MAJOR AREA AFFECTED 

SIZE AND TYPE OF LARGE PROPELLANT 
TANKS 

LENGTH OF THE STAGE 

MAXIMUM ENGINE EXPANSION RATIO 

INTERSTAGE SIZE 

SIZE AND TYPE OF PROPELLANT TANKS 

SIZE AND TYPE OF MULTIPLE TANKS 

SIZE AND TYPE OF MULTIPLE TANKS 

STAGE C O N  FI GU RATIO N 

INTERSTAGE SIZE 

The shape of the larger tank is also affected to a small extent by the 
various spacing constraints used in the program. Figure 2.5 shows the 
constraints used in defining the configuration geometry. The shell-to-tank 
spacing criteria ensures that the thermal insulation and meteoroid shields 
will fit between the shell and the larger tank. Similarly, the tank-to- 
tank spacing is used to make the necessary clearances for the thermal and 
meteoroid protection systems on the tanks, and to ensure adequate room for 
the propellant feedlines. 

Two engine-to-tankclearance criteria are used to ensure engine sub- 
mergibility on those configurations having multiple tanks. Basically, 
these are constant coefficients, which when multiplied by the engine's 
throat diameter and exit diameter, establish the maximum diameter required 
for accommodating the upper portion of the engine (thrust chamber, turbo- 
pumps, etc.) and the engine's nozzle (including gimbal swing), respectively. 
The program computes the maximum allowable diameter of the multiple tanks 
from this criteria and the maximum stage diameter, 

The engine exit-to-booster spacing establishes the clearance between 
the engine exit plane and the uppermost part of the launch vehicle. Using 
this spacing constraint it is possible to establish the correct interstage 
length for configurations where the booster's upper tank dome extends beyond 
the forward skirt on the launch vehicle. 
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2 . 2 . 3  Structural Systems 

Five basic structural components were analyzed to determine their 
respective weights for each stage configuration evaluated by the program. 
They are: 
structure, and 5) tank supports. Propellant tank weights were computed 
in accordance with geometric dictates using internal pressure as the design 
criteria and adhering to minimum allowable skin gauge constraints. 

1) propellant tankage, 2) shell, 3) interstage, 4 )  thrust 

Weights for the shell, thrust cone type thrust structure, and inter- 
stage are computed by first determining what a monocoque design would weigh, 
and then applying a manually derived complex-to-monocoque structure weight 
ratio factor to the monocoque weight. The monocoque weights are computed 
using dimensional data calculated in the geometry subroutines as outlined 
in paragraph 2 . 2 . 2 ;  and design criteria (i.e., loads) based on a simplified 
mass distribution model for each configuration and the inputed axial and 
lateral accelerations. The complex-to-monocoque weight ratios. and the 
accelerations, were inputed to the program as a function of diameter and 
limit load and booster, respectively. 

This approach has several advantages over the use of trend curves 
(e.g., interstage weight vs propellant load) to estimate structure weights. 
These are as follows: 

Weight variation may be determined for alternate arrangements 
which have different dimensions, even though the propellant loads 
may be the same. 
optimization of parameters such as engine mixture ratio which may 
not change propellant load significantly, but which can alter 
the stage dimensions. 

This permits a more accurate and reliable 

Any desired degree of accuracy can be achieved simply by re- 
evaluating the input monocoque-to-complex structure weight ratio 
factors and rerunning the cases of interest. 

Various structural design concepts can be examined (e.g., sheet- 
stringer, honeycomb, truss) since the weight ratio factor is 
manually determined. 

A minimum of "hand" analyses are required since it is rarely 
necessary to manually determine weight factors for more than one 
typical stage in the size range of interest, whereas, as many as 
750 stages may be sized with the program to obtain a complete 
optimization. 

Weights for the tank supports are determined for each propellant tank 
as a function of the weight being supported. 
relationship was accomplished in a separate side study in which several 
concepts were considered. 
semi-monocoque skirts, and truss-to-ring structure, which are depicted in 
figure 2.6. 

The determination of the proper 

These included monocoque skirts, scalloped skirts, 
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Figure  2 -  6 Tank Support Concepts 
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A number of the configurations which can be considered in the program 
employ a beam type thrust structure. 
is assumed to be a conventional spider beam, ring frame and/or cross beam 
structural arrangement where the engine mount is assumed to be a conventional 
gimbal fitting. The particular structural arrangement was assumed, dependent 
upon the number of engines considered for the stage. 
for each number-of-engines case is shown in figure 2 - 7 .  The weight equations 
for each concept were developed for the computer program with the following 
assumptions: 1) geometry of beams is as shown in figure 2 - 7 ,  2 )  beam 
sections are rectangular, 3) section is stable so material yield controls, 
and 4) engine attach points are located at the centerline of maximum in- 
scribed circle for all engine sizes. 

The concept for this thrust structure 

The concepts assumed 

Weight equations for ohher shapes (i.e., rectangular tube, square tube) 
were developed and sufficient,cases were analyzed to plot conversion 
coefficients as functions of required thrust level. These conversion 
coefficients are used as inputs to the program. The rectangular tube 
weight would equal the conversion coefficient times the rectangular block 
weight computed by the program. 

2.2.4 Thermal Analysis 

The approach used in determining thermal protection requirements is 
based on the criteria of minimizing the thermal mass penalty (TMP). The 
following equations show the development of the analytical definition of 
thermal mass penalty as used in this program: 

1 .  A V  = g l  In  
n 

n 
s~ w~~ RN ou T 

n n n- 1 

wpL+ W ~ N E R T +  W ~ ~ O p -  C W ~ t Q .  VENT. - C W ~ ~ ~ ~ ~ ~ ~ ~ ~ .  - . 

WpL+ W i N E R T +  w P ~ ~ P -  .C W ~ i Q .  VENT; - . 

WBURN. 
I 1=1 I !=1 I= 1 

n n n 

W~~~~~  VENT^ - i=, C WBURN. 

[ gAy - 
2. pn = exp - - 

OR I =  1 I =  1 

BUT 

n n 

I= 1 
(ASSUMING ZERO RESIDUAL); AND 

= W ~ ~ ~ .  VENT; + . W ~ ~ ~ ~ .  
I =  1 

4 '  WPROP . 

- 5* W~~~~~ - W~~~~~ + W~~~~~~ GASES + W ~ ~ ~ ~ ~ .  HDW. 

.*. SINCE THERMAL MASS PENALTY I S  EQUIVALENT TO -WpL 

n 

i= 1 W ~ ~ Q .   VENT^ n 

.. C W ~ ~ ~ ~ ~ ~ ~ ~ T ;  + 
I =  1 TANKS + W~~~~~ GASES + W ~ ~ ~ ~ ~ .  HDW. c1 n-l 6. TMP = W 
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Assumptions made in deriving the above equations are: 1) the weight 
of structure other than tankage is constant, and 2) the total weight of 
propellant initially loaded (including boil-off) is constant. The 
derivation itself is straightforward and shows that the thermal mass 
penalty is a function of:' 

1. 

2. 

3 .  

4. 

5. 

6. 

The 

Tank weight, which varies with the selected tank design pressure 
and the propellant tank volume. 

The inert weight of the pressurization system, which is computed 
as a linear function of the total weight of pressurization gas 
used. 

The weight of the insulation. 

Vented propellant weight divided by (pn -l), where pn is the 
mass ratio of the last burn. 

The weight of vented inert gases and pressurization gases (non- 
propellant vapor. 

The weight of propellant, pressurant and inert gas vapors present 
in the ullage at the end of the last burn. 

thermal analysis routine solves for the thermal mass penalty para- 
metrically as a function of insulation thickness and tank vent pressure 
and selects the optimum combination of thickness and pressure. 
tration is given in figure 2-8. 

An illus- 

The thermal subprogram is comprised of five subroutines plus numerous 
small subroutines which perform interpolation and other frequently en- 
countered calculations. Figure 2-9 is a greatly simplified flow chart 
which illustrates the computation procedure. 
of a subroutines which is described below. 

Each block contains the name 

This is the master thermal control subprogram. It manipulates the 
pressures and insulation thicknesses, determines the thermal mass penalty, 
selects the optimum operating conditions and executes the available options 
(e.g. selection of a vented case can be precluded). 
routine sets up the data in the proper format for use in the other sub- 
routines. 

In addition, this 

This subroutine performs the heating analyses during each coast and 
determines: 1) temperature and pressure changes; 2) fraction of slush 
which is melted; 3) the amount of propellant boiled off into the ullage; 
4) amount of inert gas, pressurization gas and propellant vapor vented; 
5) amount of inert gas loaded prior to the first ignition which is 
necessary to satisfy the initial pressure requirements (i.e., 

at the end of each coast. 
Pinert - - Plo d - Ppropellant vapor)i and 6) propellant and ullage Volumes 
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This routine also controls PRESUR and PRECOS discussed in the subse- 
quent paragraphs. 

HEATmay be considered as consisting of two parts for illustrative 
purposes. 
discussed above. To accomplish this, various estimates are required to 
"initialize" each pass through the subroutine. For example, to perform 
the necessary computations it is necessary to know tank volumes, surface 
areas and initial ullage volumes of the tanks. These cannot be known with 
accuracy until completion of the thermal-analysis which determines the 
condition of the propellant at the end of each coast. 
HEAT may be conisdered as controlling the various iterations required - 
i.e., updating the estimates and determining convergence (actually this 
latter function if not discernable as a separate entity in the program 
and is presented in this fashion as a matter of convenience only). 

The first part may be viewed as performing the computations 

The second part of 

This subroutine estimates the amount of pressurization and gas 
required to satisfy NPSH requirements of the engine. 
is predicated on a non-dimensional analysis which enables computation of 
a collapse factor as a function of a modified gas Stanton number and a 
modified tank wall Stanton number. The complete analysis technique is 
described in "Pressurization Systems Design Guide, Volume 1, Systems 
Analysis and Selection", Report No. 2736, Aerojet General, Contract NAS7- 
169 

The method of analysis 

Based on the collapse factor obtained, the weight of pressure needed 
is computed and the final ullage gas temperature is determined. The sub- 
routine then computes a hypothetical final temperature based on an 
adiabatic pressurization. 
temperature and the hypothetical final temperature is assumed to be the 
result of a heat loss to the walls and propellant during outflow. This 
heat l o s s  is determined from: 

The difference between the final ullage gas 

QLOSS = w~~~ 0 'PGAS e (TFINAL - THYPOTHETICAL) 

This subroutine performs an analysis to determine the conditions which 
will exist when equilibrium has been reestablished after a burn. This sub- 
routine considers as initial conditions: 
gases; 2) the quantity of heat lost from pressurization gases to the liquid 
and walls; and 3) the temperature of the liquid at the end of the last 
burn (which is assumed equal to the temperature at the end of the last 
coast). A thermodynamic balance is used to establish the following: 
1) equilibrium temperature and tank pressures 2) quantity of slush remaining, 
3) ullage gas composition, 4)  quantity of liquid boil off or condensed, 
and 5) amount of each constituent of the ullage gas vented. 

1) the temperature of "hot" ullage 
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This routine configures the tanks in accordance with the type of bulk- 
head shape (hemispherical or elliptical) selected and the maximum tank 
radius constraint. It then determines the stresses, considering the ullage 
design pressure and propellant dynamic head. 
to obtain the design conditions. These are boost (i.e. high dynamic head 
and low ullage pressure) and upper stage flight (lower dynamic head but 
higher ullage pressures). 

Two conditions are checked 

The design pressure used is the greater of: 

or 
'VENT MEOP 

. MEOP, 
where MEOP is a factor to obtain maximum expected operating pressure from 
nominal conditions. 

Tank weights are obtained by multiplying the theoretical monocoque 
weight of each bulkhead and the cylindrical section by the corresponding 
land factor to account for bulkhead penetrations and weld lands. 
factor is also used in addition to the MEOP and land factors. 

A safety 

- PROP 

This is a small subroutine which computes the capacitance and trans- 
It is called upon by port properties of the mixture of the ullage gases. 

all the other subroutines except for TANKWT. 

The input requirements for the thermal analysis are summarized in 
table 2.3. Table 2.4 summarizes the main variables computed during this 
analysis. Those noted with an asterisk (*) are printed out. The others 
may be obtained when desired for special cases. 

2.2.5 Meteoroid Protection 

Space vehicles on long duration missions are subjected to encounters 
with meteoroids that could cause considerable damage to vital parts of the 
vehicle. 
some type of protection against this hazard. 

To ensure adequate mission reliability, it is necessary to provide 

The most promising technique for protecting vital components and 
structures is to erect a thin bumper shield a short distance from the item 
to be protected. The shield serves to disintegrate the incoming meteoroid, 
allowing only a relatively diffuse debris cloud to strike the component. 
With the bumper shield, the rear wall need only withstand the impact of a 
cloud instead of a solid incoming meteoroid. 
shield models used, the method of analysis, and typical results obtained 
are described in the remainder of this section. 

The meteoroid environment and 

2.2.5.1 Meteoroid Environment 

The meteoroid flux varies considerably during the course of a year. 
The total activity comprises two components: 
sporadic component, and 2) the stream flux that has well defined recurring 

1) a fairly constant although 
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Table 2-3 Summary of Input to Thermal Subprogram 

A .  Property Data 
Critical Temperature and Pressure of Propellant 
Heat of Fusion of Propellant 
Triple Point Temperature of Propellant 
Molecular Weights of Propellant, Pressurant and Inert Gas 
Density of Propellant as a Function of Temperature and Fraction of Slush 
Propellant Vapor Pressure as a Function of Temperature 
Heat Capacity of Propellant as a Function of Temperature 
Heat of Vaporization of Propellant as a Function of Temperature 
Cp of Propellant Vapor, Pressurant and Inert Gas as a Function of Temperature 
Thermal Conductivity of Propellant Vapor, Pressurant and Inert Gas as a 

Function of Temperature 

T emp era t ur e 

Temp era tur e 

Viscosity of Propellant Vapor, Pressurant and Inert 

Cv of Propellant Vapor, Pressurant and Inert Gas as 

Density of Thermal Insulation 
Thennal Conductivity of Insulation as a Function of 

Density of Tank Material 
Allowable Stress of Tank Material 
Minimum Skin Gauges of Tank Material 

Thickness 

Gas as a Function of 

a Function of 

Temperature and 

Specific Heat of-Tank Material as a Function of Temperature 

B. Boundary Conditions 
The Propellant 
Total Propellant Load 
Initial Propellant Temperature 
Initial Propellant Pressure 
Initial Slush Fraction of Propellant 
Number of Burns 
Stage Mass Ratio for Each Burn 
Weight of Propellant Consumed During Each Burn 
Temperature of Pressurant Entering Tank for Each Burn 
Duration of Each Coast 
Refrigeration Provided During Each Coast 
Propellant Flow Rate from Tank 
Stage Acceleration 
External Temperature of Thermal Insulation 

C. Constraints 
Options 
Minimum Ullage Fraction 
Residual Propellant Fraction 
Engine NPSH Requirements 
Factor for Maximum Exected Operating Pressure (MEOP) 
Propellant Feedline Pressure Drop 
Type of Tank Bulkheads 
Maximum Allowable Tank Radius 

D. Other Data 
Heat Leak Factor as a Function of Propellant Load 
Coefficients for Inert Weight of Pressurization System 
Tank Land Factors 
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peaks associated with the individual meteoroid streams. The intensity of 
these streams can vary up to 20 times that of the background, or sporadic 
flux. 

It is a simple matter to use a sporadic environment model, which is 
time-invariant, to determine the shielding requirements. However, computa- 
tion of the meteoroid design mass for the stream fluxes is more difficult 
since they vary from day to day and stream to stream. 
mission times (day or month) were not known the stream flux parameters were 
time-averaged. 

Since the exact 

The meteoroid environment selected for this study was the average 
accumulative total meteoroid f lux-mass model proposed by Cow-Palais, et ale(1)* 
Mathematically the unshielded, focused 1 A.U. meteoroid flux-mass relation- 
ship can be expressed as follows: 

loglONt = - 14.339 - 1.5841ogloM - o.o63(10gloM)~ for 10 I M  lo6 
- 12 

and 

where 

Nt is the average unshielded, focused accumulative total flux (number 
of particles of mass, M, or greater per square meter per second) 

and 

M is the meteoroid mass (grams). 

Figure 2.10 depicts this meteoroid flux-mass relationship graphically. 
Other pertinent data used in conjunction with this model are listed below: 

Average Velocity 2 O W s e  c 

Average Density 0.50 g/cc 

Shape Spherical 

The actual number of meteoroid impacts received by a vehicle in cis- 
lunar space depends upon the vehicles altitude above the earth or moon. 
This dependence on altitude results from two phenomena: 
and 2) body shielding. The gravitational attraction of the earth or moon 
will tend to enhance the meteoroid flux near the planet's surface. The 
gravitational focusing will decrease with distance from the earth. To 
correct for this phenomena, the average cumulative total meteoroid flux 
given in figure 2.10 must be corrected by multiplying a defocusing factor Gee 
The defocusing factor used in the study is illustrated in figure 2.11.(2) 
These data assume the gravitational effect influences only the lower 
velocity, sporadic meteoroids, and hence the effect on the flux of the 
stream meteoroids has been omitted. 

1) gravity focusing 

*All references listed in Appendix A 
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The o t h e r  a l t i t u d e  c o r r e c t i o n  which must be app l i ed  t o  t h e  f l u x  
accounts f o r  s h i e l d i n g  provided by t h e  e a r t h  o r  moon. This occurs no t  only 
when t h e  p l a n e t  s h i e l d s  t h e  v e h i c l e  from t h e  impacts of sporadic  meteoroids 
b u t  a l s o  when t h e  s p a c e c r a f t ,  p l a n e t ,  and meteoroid stream are a l igned  so 
as t o  block t h e  impacts of t h e  stream meteoroids. The s h i e l d i n  f a c t o r ,  , 
used i n  t h i s  study were computed from t h e  following equat ions:  t 3 )  

1 + case 
2 r =  

where 

- R Sin0 - - 
R i s  t h e  r a d i u s  of t h e  s h i e l d i n g  body 

H i s  t h e  a l t i t u d e  of t h e  s p a c e c r a f t  above t h e  su r face .  

I n  developing t h e s e  equat ions i t  was assumed t h a t  t he  space v e h i c l e  
The s h i e l d i n g  f a c t o r  f o r  t he  e a r t h  w a s  s p h e r i c a l  and randomly o r i en ted .  

i s  presented as a func t ion  of a l t i t u d e  i n  f i g u r e  2-12. 
f a c t o r  w i l l  y i e l d  only a small e r r o r  i n  t h e  t o t a l  f l u x  impacting OR any 
shaped, randomly o r i e n t e d ,  space v e h i c l e ,  when m u l t i p l i e d  by the  unshielded 
defocused f lux .  Hence t h e  t o t a l  co r rec t ed  f l u x  can be found by mul t ip ly ing  
t h e  unshielded,  focused f l u x  by t h e  defocusing f a c t o r ,  Ge, and t h e  body 
s h i e l d i n g  f a c t o r ,  , t h a t  is  

This s h i e l d i n g  

NTC = G 5 NT 
e 

where 

i s  t h e  average corrected accumulative t o t a l  f l u x  (number 
N~~ of p a r t i c l e s  of mass, M, o r  g r e a t e r  per  square meter per  

second). 

2.2.5.2 Meteoroid Design Mass 

The p resen t  method of p r o t e c t i n g  a space v e h i c l e  from meteoroid 
damage i s  t o  ensure t h a t  t h e  meteoroids do not impact d i r e c t l y  on v i t a l  
components. This i s  accomplished by designing t h e  p r o t e c t i v e  s h i e l d  s o  
t h a t  t h e  l a r g e s t  meteoroid which would probably be encountered during t h e  
mission w i l l  n o t  p e n e t r a t e  t h e  s h i e l d .  

The p r o b a b i l i t y  of encountering a meteoroid having a s p e c i f i c  design 
mass i s  a func t ion  of t h e  meteoroid f l u x ,  t h e  area exposed and t h e  t i m e  
spent  i n  the  environment. Mathematically t h i s  can be expressed as,  

where 

and 

Po = exp (-NT$T) 

Po i s  t h e  p r o b a b i l i t y  of not  being h i t  

b 

A i s  area (square meters) 

T i s  t h e  t i m e  (seconds).  
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Substituting for the corrected flux, and then solving for the defocused - 
unshielded total average accumulated flux, 

it is possible to determine the corresponding meteoroid mass from the en- 
vironment (see figure 2-10). 

2.2.5.3 Meteoroid Shield Model 

Whipple's bumper shield concept was used as a means of protecting the 
stages from meteoroid damage, since it is the most promising technique. 
Basically, this concept consists of a thin outer bumper and a primary or 
backup structure. 
figure 2-13, fragments the incoming meteoroid into a relatively diffuse 
cloud of smaller particles. 
wall or sheet. Since the backup wall is impacted by the diffuse debris 
cloud, the damage done to the spacecraft itself is much less than if it had 
been struck directly by the meteoroid. 

The thin shield which surrounds the space vehicle, see 

The debris then impinges on a second backup 

The most important element in this type of meteoroid protection system 
is the shield or bumper, because it controls the physical state of the 
debris in the cloud. The cloud consists not only of the disintegrated 
meteoroid, but a significant amount of shield material. 
both the shield and the meteoroid, can take the form of solid particles, 
liquid droplets, vapors, or some combination. 
an all-gaseous debris would produce the least damage to the backup 
sheet, it is desirable to design the shield to vaporize the debris. In ' 

order to accomplish this it is necessary to look at the phenomena through 
which it can be achieved. 

The debris, from 

Since it is evident that 

( 4 )  Cour-Palais reasons that the impact of a hypervelocity meteoroid on 
a shield produces intense compressive shock waves which travel forward in 
the bumper and rearward in the particle. Because the shock waves are not 
isentropic, they increase the internal energies of both the shield and 
meteoroid. When the internal energy of debris exceeds its fusion energy 
or sublimation energy, the debris either becomes molten or vaporizes. 

The maximum internal energy increase will occur when the unloading 
wave, which is reflected from the rear surface of the shield, overtakes 
the compressive wave in the meteoroid as the latter reaches the rear end 
of the particle. Therefore, the shield should be designed to a thickness 
which is proportional to the particle diameter. 
the optimum product of the bumper thickness and density falls between 0.1 
and 0.2 of the product of the meteoroid diameter and density. 
states that because there are more small particles in the meteoroid popu- 
lation than the size corresponding to this optimum ratio, a shield thick- 
ness-density product of the order of 0,3 of the meteoroid diameter-density 
product should be used. Mathematically, this can be expressed as: 

According to Cour-Palais ( 4 )  

However, he 
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Figure  2-13 Whipple' s "Bumper Shield"  Concept 
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Figure  2-14 Meteoroid Shie ld  Model 

2-27 

,PER 



where 

ts is the thickness of the bumper or shield (centimeters), 

D is the diameter of the meteoroid (centimeters), 

Pm is the meteoroid density (grams per cubic centimeter), and 

Ps is the shield density (grams per cubic centimeter). 

When the bumper thickness falls outside the optimum region 
(0.1 <Ps ts/Pm D10.2), the design of the backup sheet is governed by solid 
fragments in the debris cloud. 
for the non-optimum regions, which was used to calculate the backup wall 
requirements, is given by the following equation: (4) 

The Manned Space Center's emperical formula 

1 /2 
S 

where 

tb is the thickness of the backup wall (centimeters), 

m is the meteoroid mass (grams), 

V is the meteoroid velocity (kilometers per second), 

S is the spacing between the shield and backup wall (centimeters), 

(3 is the Oe2 percent yield stress for the backup wall material 
(pounds per square inch), 

Ps is the density of the shield material (grams per cubic 
centimeter), and 

Pm is the density of the meteoroid (grams per cubic centimeter). 

Although the validity of the above expression has not been completely 
established, preliminary evidence suggests that it is valid for bumper- 
backup wall spacings between 10 and 30 particle diameters.(5) 

2.2.5.4 Shield Design 

Whipple's bumper shield concept previously discussed was used as a 
model for the meteoroid shield. A s  illustrated in figure 2-14, the backup 
wall was located between the thermal insulation and the shield. 
routine was used to determine the meteoroid protection requirements and to 
optimize the shield weight on each stage evaluated. This was accomplished 
by selecting the shield spacing- the location of the shield relative to 
the backup wall - which yielded minimum weight, while maintaining several 
geometric constraints. 

A computer 
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Several variations of Whipple's bumper shield concept were used for 
different missions during the study. 
and the alternate lunar missions (shuttle and lander), it was determined 
that the stage's shell and thrust structure were thick enough to permit 
their use as the bumper. This resulted in a substantial savings in stage 
weight. 
considerations dictated the use of a truss type shell, a separate bumper 
was sized. 

For the symchronous orbit (baseline) 

However, on the Mars missions (alternate) where the thermal 

The backup wall thickness requirements for all the missions analyzed 
were computed using MSC's empirical relation. (See Section 2.2.5.3.) As 
depicted in figure 2-14, the backup wall was located 1/4 of an inch in 
front of the thermal insulation surrounding the tank. In cases where the 
spacing between the backup wall and the bumper exceeded 30 meteoroid 
diameters the backup sheet was designed for 30 diameters, although the 
spacing was larger. 

For the Mars missions the required bumper thickness-density product 
was assumed to be 0.30 times the product of the diameter and density of 
the design meteoroid. 
it will yield results which are accurate enough for the preliminary 
designs conducted in this study. The reasons for this are twofold. 
as discussed in Paragraph 2.2.5.3, even though the optimum bumper product 
range is between 0.10 and 0.20 particle diameters, the bumper is usually 
designed to a slightly higher value; and second, even at a ratio of 0.30, 
a large number of bumper thickness requirements were found to fall below 
the minimum allowable skin gauges. The computer routine checked the skin 
gauge of each shield to ensure that the minimum gauges were satisfied. 

Although this will not give the optimum thickness, 

First, 

The computer routine determined the spacing between the bumper and 
the backup sheet which yielded the minimum total weight (bumper + backup) 
and fitted within the specified configuration geometry. For the purpose 
of this study, the spacing was required to be at least equal to 10 times 
the meteoroid diameter, and was not permitted to exceed a distance which 
would locate the shield outside a maximum radius established by the re- 
strictions placed on propellant tank spacing. 

The complex relationships between the geometric, structural, and 
minimum weight requirements can best be illustrated by an example. The 
results of a typical meteoroid shield analysis are presented in figures 
2-15 and 2-16. This shield was designed for a 0.995 probability of no 
impact by a meteoroid having the design mass or larger during a 5000 hour 
miss ion a 

The analysis indicates (figure 2-15) that the required bumper thick- 
ness (0.004 inches) was less than minimum skin gauge (0.015 inches) and 
therefore it was necessary to make the bumper thicker and heavier than 
actually required for meteoroid protection. For this example, the 466 
pound minimum total (see figure 2-16) occurred at a spacing of 2.417 
inches e 

The total weight begins to increase slowly for spacing to diameter 
ratios (S/D) greater than 30 because the constant thickness bumper's area 
increases as it is moved further away from the backup wall. Note that 
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t h e  th i ckness  and hence t h e  weight of  t h e  backup s h e e t  remains cons t an t  
once a spacing r a t i o  of 30 i s  reached, 
spacing (minimum weight) corresponds t o  a spacing t o  diameter r a t i o  of 30. 
This need n o t  be t h e  case every t i m e .  Depending on t h e  exposed area and 
the  l i f e  expendency of t h e  s t age ,  i t  i s  poss ib l e  f o r  t h e  required backup 
s h e e t  t h i ckness  t o  be less than t h e  al lowable minimum s k i n  gauge. I n  t h i s  
i n s t ance  the minimum weight would occur a t  t h e  spacing where minimum s k i n  
gauge became t h e  c o n t r o l l i n g  cr i ter ia .  

I n  t h i s  i n s t a n c e  t h e  optimum 

The computer program l o g i c  permits  t h e  u s e  of i n s u l a t i o n  as a p a r t  
of t he  backup w a l l .  
which relates the  a c t u a l  i n s u l a t i o n  th i ckness  t o  a n  e f f e c t i v e  backup w a l l  
th ickness .  For t h i s  s tudyo  however, t h e  i n s u l a t i o n  w a s  not used as an 
i n t e g r a l  p a r t  of t h e  backup w a l l ,  This  was  because i t  was f e l t  t h a t  a 
meteoroid d e b r i s  cloud could e a s i l y  blow a h o l e  i n  t h e  i n s u l a t i o n  which, 
while  not  pene t r a t ing  t h e  tank w a l l ,  could r e s u l t  i n  a h e a t  l eak  l a r g e  
enough t o  cause a l l  the remaining p rope l l an t  t o  b o i l o f f  and vent.  
course,  whether a l l  t h e  p rope l l an t  escapes through a puncture o r  through 
the  ven t s  i s  purely academic. 

Th i s  i s  done by means of an inpu t  "collapse" f a c t o r  

Of 

2.2.6 

The r e a c t i o n  c o n t r o l  system (RCS) weights are based on a simple 
l imi t - cyc le  (pu l se  type t h r u s t e r  ope ra t ion )  where v e h i c l e  a t t i t u d e  and 
rates are sensed by i n e r t i a l  p o s i t i o n  and rate senso r s .  Deviations from 
the  d e s i r e d  p o s i t i o n  o r  a rate of change of a t t i t u d e  produce e r r o r  s i g n a l s .  
When t h e s e  s i g n a l s  exceed c e r t a i n  p r e s e t  switching va lues ,  t h e  a p p r o p r i a t e  
t h r u s t e r s  are f i r e d  t o  provide a c o r r e c t i n g  impulse which d r i v e s  t h e  e r r o r s  
toward zero.  The i n e r t i a  of t he  v e h i c l e ,  and t h e  de l ays  i n  t h r u s t  b u i l d -  
up and decay cause t h e  v e h i c l e  t o  o s c i l l a t e  between t h e  switching va lues ,  
thereby r e q u i r i n g  on-off t h r u s t e r  operat ion.  

The s i z e  of t h e  RCS w a s  e s t a b l i s h e d  us ing  t h e  following cr i ter ia :  

1. L i m i t  cycle  of 2 5.00 degrees  about a l l  axes, 

2. Angular v e l o c i t y  of 0.01 deg/sec about  a l l  axes ,  

3 .  Angular a c c e l e r a t i o n  of 0.003 rad / sec  about  t h e  a x i s  having t h e  
minimum i n e r t i a ,  and 

4.  Monopropellant t h r u s t e r s  having a s teady s ta te  s p e c i f i c  impulse 
of 180 seconds. 

The weight of p rope l l an t  consumed during the  mission i s  found from 
t h e  following equation:(6) 
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where 

w is the angular velocity (deg/sec), 

8 is the limit cycle (degrees), 

is average specific impulse (seconds), ISP 
T is the mission duration (seconds), 

I is the moment of inertia (slug-ft2), 

and 

xx, yy, and zz  denote the pitch, yaw and roll axes, respectively. 
To facilitate calculation of the inertias, it was assumed that the payload 
was a uniform solid cone, and that the engine and stage were homogeneous 
solid cylinders. The basic geometry used, and the individual weights in- 
cluded in each section are depicted in figure 2-17. 

MISCELLANEOUS SYSTEMS 
PROPELLANTS 

THRUST STRUCTURE 

METEOR01 D PR OTECTl ON 
THERMAL PROTECTION 

Figure 2-17 Reaction Control System Model 

The total RCS weight was assumed to be directly proportional to the 
weight of propellant consumed during the mission. 

Preliminary analyses indicated that the entire system would weigh 
approximately 25 to 30 percent more than the propellant. Therefore, the 
total RCS weight was computed from the following equation: 

wRCs = 1.30 Wp 

Any error introduced by the use of this technique would be small and would 
not affect the conclusions of the study. 

2.2.7 Propellant Feedlines 

The weight of individual propellant feedlines was computed on the 
basis of lengths and diameters, calculated to satisfy the stage geometry 
and propellant flow requirements, respectively. The diameter of each feed- 
line was sized to provide the necessary flow rate at a specified feedline 
flow velocity. 

2-32 



Estimates of t h e  l eng th  of t h e  f e e d l i n e s  f o r  t h e  tandem tank s t a g e s  
The lower tank feed- were made us ing  t h e  geometry shown i n  f i g u r e  2-18. 

l i n e  w a s  assumed t o  run d i r e c t l y  from t h e  tank bottom t o  t h e  engine gimbal 
point .  
by assuming i t  r a n  along t h e  s t a g e ' s  c e n t e r l i n e  from the  bottom of t h e  upper 
tank t o  t h e  top  dome of  t h e  lower tank,  then along t h e  lower t a n k ' s  per iphery 
t o  t h e  s t a g e ' s  c e n t e r l i n e  a t  t h e  lower tank bottom dome, and f i n a l l y  t o  
t h e  engine gimbal po in t  a long t h e  s t a g e ' s  l o n g i t u d i n a l  a x i s .  

The f e e d l i n e  l eng th  f o r  t he  forward o r  smaller tank was estimated 

The f e e d l i n e  lengths  on t h e  m u l t i p l e  tank conf igu ra t ions  were computed 
i n  a similar manner except t h a t  t h e  f e e d l i n e  geometry depended upon t h e  
number of t anks ,  and t h e  type and l o c a t i o n  of t h e  t h r u s t  s t r u c t u r e  being 
evaluated. The t o t a l  l i n e  length required f o r  each p rope l l an t  on the 
m u l t i p l e  tank ve r s ions  w a s  assumed t o  be d i r e c t l y  p ropor t iona l  t o  the  number 
of t anks ;  t h a t  i s ,  one f e e d l i n e  f o r  each tank. 

Estimates of t h e  l eng th  of t h e  f e e d l i n e s  on t h e  conf igu ra t ions  having 
a s i n g l e  l a r g e  tank and m u l t i p l e  small tanks were made using t h e  geometries 
shown i n  f i g u r e s  2-19 and 2-20. The f e e d l i n e  from the  l a r g e  tank was  
assumed t o  be a s t r a i g h t  l i n e  running d i r e c t l y  from t h e  bottom o f  t h e  
tank t o  t h e  gimbal po in t  on t h e  engine. 

When t h e  bottom of t h e  smaller m u l t i p l e  tanks were located above t h e  
t h r u s t  s t r u c t u r e  ( t h r u s t  s t r u c t u r e  op t ion  2 ) ,  as depicted i n  f i g u r e  2-19, 
t h e  f e e d l i n e s  were assumed t o  run h o r i z o n t a l l y  from t h e  bottom of t h e  
tanks t o  s t a g e ' s  cen te r l ine , and  f i n a l l y  t o  t h e  e n g i n e ' s  gimbal po in t .  

When t h e  bottom of t h e  m u l t i p l e  tanks were loca ted  i n  below t h e  t h r u s t  
s t r u c t u r e  ( t h r u s t  s t r u c t u r e  op t ions  1, 3 and 4 ) ,  d i p  tubes were u t i l i z e d  
i n  t h e  p rope l l an t  tanks,  A s  i l l u s t r a t e d  i n  f i g u r e  2-20, t hese  l i n e s  run  
from t h e  bottom of each p rope l l an t  tank t o  t h e  top,  then h o r i z o n t a l l y  t o  
the  c e n t e r l i n e  o f  t he  s t a g e ,  and f i n a l l y  t o  the  eng ine ' s  gimbal po in t .  

The f e e d l i n e  geometries used f o r  t h e  "transtagel '  having m u l t i p l e  f u e l  
and ox id ize r  tanks (tankage arrangement 5 )  are shown i n  f i g u r e s  2-21 and 
2-22. When the  tankage i s  located above t h e  s p i d e r  beam, as shown i n  
f i g u r e  2-21, t h e  f e e d l i n e s  were assumed t o  run  d i r e c t l y  from t h e  bottom of 
t h e  tank t o  t h e  s t a g e ' s  c e n t e r l i n e  and then  t o  t h e  engine 's  gimbal po in t .  

When m u l t i p l e  f u e l  and ox id ize r  tanks were used i n  conjunction with 
t h r u s t  s t r u c t u r e  op t ions  3 and 4 ( tanks extend below sp ide r  beam) t h e  
f e e d l i n e  geometry i l l u s t r a t e d  i n  f i g u r e  2-22, w a s  used. 
t he  f e e d l i n e s  r a n  from t h e  bottom of t h e  tanks along t h e  per iphery of t h e  
tank u n t i l  i t  i s  d i r e c t l y  a c r o s s  from t h e  eng ine ' s  gimbal po in t  and f i n a l l y  
h o r i z o n t a l l y  t o  t h e  gimbal po in t  of t h e  engine. 

I n  these  cases 
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Figure 2-18 Feedline Geometries for Tandem Tank Stages 
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FEED LI NE FOR SMALL 

GIMBAL 

F i g u r e  2-19 Feedl ine Geometries f o r  Stages wi th  Small Mul t ip l e  Tanks 
Above t h e  Thrust S t r u c t u r e  

FEEDLINE FOR LARGE TANK 
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THRUST CONE 

a 
FEEDLINE FOR SMALL TANKS 

Figure  2-20 Feedl ine Geometries f o r  Stages w i t h  Small Mul t ip l e  Tanks 
Below t h e  Thrust  S t r u c t u r e  
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Figure 2-21 Transtage Feedline Geometries Having Tankage Above Spider Beam 
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Figure 2-22 Transtage Feedline Geometries Having Tankage Below Spider Beam 
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Five different missions were studied: 1) earth orbit to synchronous 
orbit and return; 2) earth orbit to lunar orbit and return; 3) lunar orbit 
to lunar surface and return to lunar orbit; 4 )  a single burn Mars planetary 
orbit insertion, and 5) a two burn Mars planetary mission. 
ous orbit mission, which was the study baseline, additional stage design 
sensitivity studies were conducted. 
presented in the subsequent sections according to mission. 

For the synchron- 

The results of these analyses are 

AB 

Throughout the study, certain constraints, guidelines and pertinent 
These are summarized in this section. Table 3-1 design data were used. 

gives the design constraints used for each mission. Table 3-2 presents 
the prime structure data used in computing the weights of the shell, inter- 
stage, and thrust structures. Table 3-3 summarizes the assumed tankage 
design data including pertinent thermal and meteoroid protection data. 
These data are shown for each mission. It should be noted that for the 
lunar shuttle mission the density of the thermal insulation used was lower 
than for the other missions. This was done in an attempt to minimize the 
differences in assumptions between this study and those used in the Re- 
usable Nuclear Shuttle studies. The weights assumed for the astrionics 
systems and for other miscellaneous systems are given in the weight summaries 
presented for each mission in the following sections. 

Early in the study, parametric oxygen-hydrogen engine system perform- 
ance, weight and geometry data used in imizing the engine parameters and 
stage size, were obtained from Rocketdy KXf for both the topping and expander 
cycles. This data covered engines having thrust between 15,000 and 120,000 
pounds. A s  the study progressed, it was discovered that data covering lower 
thrust levels would be required, if the selected thrust to weight ratio 
were to be held throughout the study. This was particularly true for the 
analyses of the one burn Mars mission and multiple engine stages for the 
synchronous mission. Since low thrust engines utilizing a topping cycle 
(the baseline cycle) would be extremely difficult, if not impossible, to 
design; low thrust engine weight data was obtained from Rocketdyne(8) for the 
gas generator cycle engine 

the topping cycle performance for those engines requiring thrust below 
15,000 pounds. 
sented in Appendix B a 

d on the orbital maneuvering system. It was 
decided, with NASA approval pz o use the gas generator cycle weights and 

The parametric engine data supplied by Rocketdyne is pre- 
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3.3 SYNCHRONOUS ORBIT MISSION 

3.3.1 Mission P r o f i l e  

The b a s e l i n e  mission s e l e c t e d  f o r  t h i s  s tudy w a s  t h e  t r a n s f e r  of pay- 
loads between a low i n c l i n a t i o n ,  low a l t i t u d e  e a r t h  (parking) o r b i t  and a 
synchronous o r b i t .  This mission would r e q u i r e  the  l i q u i d  hydrogen-liquid 
oxygen s t a g e ( s )  t o  perform one of t h e  following maneuvers: 

1. Delivery of a payload from low e a r t h  o r b i t  t o  synchronous 
o r b i t  and r e t u r n  without a payload; 

2. Transport  a payload from t h e  low-parking o r b i t  t o  synchronous 
o r b i t  and r e t u r n  with the  same o r  a d i f f e r e n t  payload; and 

3. Fly empty from t h e  parking o r b i t  t o  t h e  synchronous o r b i t ,  and 
r e t u r n  with a payload t o  t h e  o r i g i n a l  depa r tu re  o r b i t .  

The use  of both s i n g l e  s t a g e  and two s t a g e  v e h i c l e s  f o r  conducting 
Figure 3-1 d e p i c t s  t h e  b a s e l i n e  synchronous mission were inves t iga t ed .  

t h e  t y p i c a l  mission p r o f i l e  f o r  t h e  s i n g l e  s t a g e  veh ic l e .  
a Hohmann type t r a n s f e r  maneuver from low e a r t h  o r b i t  t o  snychronous 
a l t i t u d e ,  a plane change and c i r c u l a r i z a t i o n  a t  synchronous o r b i t ,  a 
r e t u r n  Hohmann t r a n s f e r  and plane change a t  synchronous o r b i t  and c i r -  
c u l a r i z a t i o n  i n t o  t h e  o r i g i n a l  low e a r t h  o r b i t .  

This involves  

The b a s i c  two s t a g e  mission p r o f i l e  i s  presented i n  f i g u r e  3-2. 
This mission p r o f i l e  c o n s i s t s  of having t h e  f i r s t  s t a g e  impart p a r t  o r  
a l l  of t h e  f i r s t  v e l o c i t y  increment r equ i r ed  f o r  t h e  Hohmann type t r a n s f e r  
from low e a r t h  o r b i t  t o  snychronous. A f t e r  s e p a r a t i n g  from t h e  second 
s t a g e ,  and coas t ing  i n  a n  e l l i p t i c a l  t r a j e c t o r y ,  t h e  f i r s t  s t a g e  provides 
the  v e l o c i t y  necessary t o  r e c i r c u l a r i z e  i t s e l f  i n  t h e  o r i g i n a l  low e a r t h  
o r b i t .  Meanwhile, t h e  second s t a g e  provides any a d d i t i o n a l  impulse nece- 
s sa ry  t o  complete t h e  outbound Hohmann type t r a n s f e r ,  and then c o a s t s  t o  
synchronous a l t i t u d e  where i t  supp l i e s  t h e  v e l o c i t y  increment needed f o r  
t h e  plane change and o r b i t  c i r c u l a r i z a t i o n .  
t h e  two burns needed t o  r e t u r n  i t s e l f  t o  t h e  o r i g i n a l  low e a r t h  o r b i t .  

The second s t a g e  a l s o  provides 

An a d d i t i o n a l  mission p r o f i l e  w a s  examined f o r  t h e  two s t a g e  synchron- 
The p r o f i l e  f o r  t h i s  a l t e r n a t e  two s t a g e  mission i s  presented ous mission. 

i n  f i g u r e  3-3. Here t h e  one s t a g e  performed four  burns,  j u s t  as a s i n g l e  
s t a g e  v e h i c l e  would do; however, t h e  f o u r t h  burn (o r  las t  burn) does no t  
provide t h e  t o t a l  v e l o c i t y  increment needed t o  r e t u r n  and c i r c u l a r i z e  t h e  
s t a g e  i n  t h e  o r i g i n a l  low e a r t h  o r b i t .  I n s t ead ,  the s t a g e  i s  l e f t  i n  a n  
e l l i p t i c a l  o r b i t .  The o t h e r  s t a g e  then " f l i e s  up" from t h e  o r i g i n a l  low 
e a r t h  o r b i t  and rendezvous with t h e  o r i g i n a l  s t age .  This s t a g e  provides  
t h e  c i r c u l a r i z a t i o n  impulse necessary t o  r e t u r n  both s t ages  t o  t h e  o r i g i n a l  
low e a r t h  o r b i t .  

The v e l o c i t i e s  used f o r  t h e  t h r e e  synchronous missions assumed a 
Hohmann type t r a n s f e r  between 28 1/20 i n c l i n a t i o n ,  c i r c u l a r  100 n a u t i c a l  
m i l e  o r b i t ,  and a n  e q u a t o r i a l  (00 i n c l i n a t i o n )  synchronous o r b i t .  The 
v e l o c i t i e s  were corrected t o  account f o r  t h e  e f f e c t s  of t h e  s t a g e ' s  
i n i t i a l  thrust-to-weight r a t i o  and s p e c i f i c  impulse. However, t h e  e f f e c t  
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of orbital regression on the velocity requirements were not considered. 

3.3.2 Engine Parameter Optimization 

In order to reliably compare various stages, each had to be efficiently 
sized and its engine chamber pressure, mixture ratio and area ratio 
selected to ensure that maximum performance was attained for the particular 
mission of interest. Figures 3-4 through 3-6, which are discussed below, 
illustrate typical engine parameter optimization for an engine using a 
topping cycle. Figure 3-4 presents stage weight as a function of mixture 
ratio for three chamber pressures and three area ratios. These results 
have been cross plotted to give the curve showin in figure 3-5, which is 
the chamber pressure optimization. The optimum chamber pressure at each 
area ratio was then cross plotted to show the optimum area ratio as 
illustrated by figure 3-6. The data figures 3-4 through 3-6 are for stages 
with a thrust to weight ratio of 0.25, which were found to be optimum for 
a zero up/lOK return payload requirement. 
results obtained for the same mission and a thrust to weight ratio of 0.7. 
The optimum engine parameters are similar in both cases. 
shown herein, the results for other payload requirements were the same and 
indicate the optimum chamber pressure is 3000 psia or greater. 
mum mixture ratio is about 6.0:l and the optimum area ratio is 400:l or 
greater. 

Figures 3-7 to 3-9 show the 

Although not 

The opti- 

Similar optimization analyses were performed for stages using an 
engine predicated on an expander cycle. 
optimization are shown on figures 3-10 to 3-12. It should be noted that 
the maximum chamber pressure attainable for this engine cycle is slightly 
less than 1000 psia (see AppendixB). Otherwise this cycle also would 
optimize at chamber pressures above 1000 psia. 

The results of the expander cycle 

3.3.3 Thrust to Weight Ratio Optimization 

A better mass faction is obtainable as the stage's thrust to weight 
ratio is decreased because a smaller engine is required. However, gravity 
losses increase the total mission velocity requirements in accordance with 
the following equations:* 

1. Velocity loss for transfer from 100 n.m. orbit to synchronous 
altitude with no plane change. (Reference impulsive velocity 
used is 8067.4 ft/sec). 

Vloss = (Isp/445) 031(W0/T)2 [ 11.2 - 1.13 (Wo/T) *55] fps 
2. Velocity gain at apogee for synchronous mission, that is, 

reduction in required circularization velocity due to high 
total burnout energy at perigee with no plane changes. (Reference 
impulsive velocity used is 4,851.8 ft/sec). 

Vgain = (I~p/445)'~~ (WO/T)~ [ 2.48 - .00072 (WO/T)~] fps 

*Private communication - Dr. Rex Finke (Institute for Defense Analysis) and 
D. L. Baradell (Chrysler). 
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3. Velocity loss for escape velocity from 100 n.m. orbit with no 
plane changes. (Reference impulsive velocity used is 10,590.5 
ft/sec) e 

Figure 3-13 shows the results of a typical thrust t o  weight optimization. 
The optimum thrust to weight ratio occurs between 0.20 to 0.25. Figure 
3-14 depicts the variation of propellant fraction, mission velocity and 
engine weight with the thrust-to-weight ratio. This data shows that the 
primary driver in determining the optimum thrust-to-weight ratio is the 
rapid increase in mission velocities which occur for thrust-to-weight 
ratios less than 0.20. 

3.3.4 Sinale Stage Sizing and Engine Cycle Comparison 

The single stage sizing requirements are presented in figure 3-15 as 
a function of outbound and return payloads, for stages using topping cycle 
engines. The corresponding propellant ratio for these stages is presented 
in figure 3-16. 

Stages using an expender cycle engine were found to be 2.1 to 2.2% 
larger than the equivalent stages using the topping cycle engines. Refer 
to figure 3-17. The lower specific impulse and the larger engine weights 
(at the selected optimum engine parameters) of the expander cycle engines, 
result in the relatively higher stage weights. Table 3-4 presents a com- 
parison of some of the major differences between the topping and expander 
stages having the same payload requirement. 

Apart from weight, the expander cycle stage is also 40" longer in 
overall length. 
This results from the fact that the expander cycle engine must operate at 
lower chamber pressures. 

Of this, 38" is due to the difference in engine length. 

It should be noted that the discussions in this and the previous two 
sections are all based on ideal engines. 
no consideration was given to development risks and costs as they vary 
according to parameter selection. 
zation? curves shows that off-optimum penalties are generally small. Thus 
it may be expected that practicabilities such as engine cost, overall 
dimensions, availability, development risks, etc. could govern final se- 
lections e 

In specifying optimum parameters, 

A review of the slopes of the 'optimi- 

3.3.5 Example Stape Weight Statement and Design Characteristic Sumarv 

Table 3-5 presents a weight statement for a stage designed to deliver 
a zero payload to synchronous orbit and return to low earth orbit with 
10,000 lbs. This example stage weighs 87,602 lbs. at liftoff and has a 
burnout weight of 7,307 lbs. and exhibits a propellant ratio of 0.911. 
Inert weight and Isp influence coefficients are also given to permit rapid 
adjustment in stage weight if desired. Table 3-6 summarizes some of the 
more salient features of this stage. It may be noted that an oxidizer vent 
occurs during the second and fourth coasts while the fuel does not vent 
at any time. These oxidizer vents actually occur immediately after the 
first and third burns while thermodynamic equilibrium is being re-estab- 

3-19 



h 

v, 
n 
Z 

0 

-0 

3 

P 

7 

W 

t 

;tj 
Qc 
v, 

SYNCHRONOUS ORBIT 
CONFIGURATION 101 1 1  
TOPPl NG CYCLE 
6 = 400:l . 
Pc = 3000 psi 
O /  F = 6.0:1 

200 

180 

160 

140 

120 

100 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

THRUST - TO - WEIGHT RATIO 

Figure 3-13 Thrust-to-Weight Ratio Optimization for the Synchronoas 
O r b t t  Missions 

3 -20 



I- v 

SYNCHRONOUS ORBIT 
CONFIGURATION 101 11 
TOPPING CYCLE 
6 =300 
P, ~ 2 0 0 0  psi 
O/F=6 .0 :1  

.o 

.5 

.o 

3 -5 

0 

THRUST - TO - WEIGHT RATIO 

Figure 3-14 Factors Influencing the Thrust-to-Weight Ratio Optimization 
. ~ _ _  

3 -21 



Figure 3-15 Single Stage Sizing Requirements for the Synchronous Orbit 
Missions 
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Table 3- 4 A Comparison of Stages Utilizing Topping and Expander Cycles 

CONFIGURATION 1011 1 ( ENGINE CYCLE ) 

STAGE WEIGHT ( LB ) 

TOTAL PROPELLANT WEIGHT ( L B )  

SHELL WEIGHT ( L B )  

THRUST STRUCTURE WEIGHT ( LB ) 

ENGINE SYSTEM WEIGHT ( L B )  

REACTION CONTROL SYSTEM WEIGHT ( LB ) 

HYDROGEN SYSTEM WEIGHTS ( L B )  

TANKAGE 

INSULATION 

PRESSU R I  ZATlO N 

FEED LINES 

TANK SUPPORTS 

OXYGEN SYSTEM WEIGHTS ( LB ) 

TANKAGE 

I N SU LATlO N 

PRESSURIZATION 

FEED LINES 

TANK SUPPORTS 

TOPPING 

85990 

80905 

1 064 
352 

369 

18 

428 

79 

40 

25 

183 

2 15 

6 

270 

1041 

EX PAN D E R 

88248 

83003 

1089 

363 

42 1 

19 

439 

80 

41 
25 

188 

22 1 
6 

275 

1068 
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c 

lished between the liquid and vapor states of the propellant. 
because it was necessary to 'lock up' the tank during each burn, at a 
pressure higher than the vent pressure, in order to satisfy the engine's 
NPSH requirement. 
to the normal coast mode, a vent occurs. If pressurization had been 
accomplished with gaseous oxygen (OX) instead of helium, these vents 
probably would not have occurred; nor would there have been as large a 
disparity between the vent pressure (21 psia) and the tank design pressure 
(30.5 psia). 

They result 

Immediately after these burns, when the tank is 'restored' 

3.3.6 Sensitivity Studies 

3.3.6.1 

Sensitivity studies were undertaken to show the influence of key 
parameters on stage design requirements. 
sented in the following subparagraphs apply specifically to the synchron- 
ous orbit mission; however, they may be subjectively applied to other 
missions. They are intended not only to be used as a tool for sizing 
adjustments, but as an aid in the planning of resource allocations. 
example, if a cost partial (dollars per pound of stage weight) can be 
developed for a stage, then the cost effectiveness of improving a tech- 
nology, such as an increase in Isp efficiency, can be quantitatively 
assessed. That is, the cost of improving the technology can be weighed 
against the potential dollar savings in stage cost. 
efficients can also be used in future study task planning, to maximize the 
useful information return. 

These results, which are pre- 

For 

These influence co- 

3.3.6.2 Fixed Inert Weights 

Fixed inert weight, as used herein, referes to those inert weights 
(e.g., astrionics) which are presume to be invariant with stage size. 
Figure 3-18 presents the partial of stage weight with respect to fixed 
inert weight as a function of stage size. 
to 12.5 pounds of stage weight per pound fixed inert weight over the range 
of stage weights investigated. 

This partial varies from 11.2 

To illustrate how an increase in inert weight affects the total stage 
weight, the following example has been prepared: 

Consider a 1,000 1b.increase in the fixed inert weight of an 
80,000 lb. stage. This would increase the stage weight by 12,000 
lbs. including the original 1,000 lb. increase in inert weight. 
Of this 12,000 lb. increase about 84%, or 10,000 lbs., is usable 
propellant. Another 13%, or 1,600 lbs. is attributable to inert 
weight increases and the remaining 3%, or 400 lbs. results from 
increases in residual propellants and other fluids. The 13% in- 
crease in inert weight can be further broken down as follows: 
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SYSTEM AFFECTED 

ORIGINAL 1000 LB INCREASE 

TANKAGE 

TANK SUPPORTS 

SHELL 

THRUST STRUCTURE 

ENGINE SYSTEMS 

OTHER SUBSYSTEMS 

PE RCE N TA G E 

63 

16 

9 

6 

3 

2 

1 

3*3.6-3 Isp Eff i c i ency  

Figure 3-19 shows the  e f f e c t  a change i n  s p e c i f i c  impulse e f f i c i e n c y  
To p a r t i a l l y  account f o r  t h e  non- l inea r i ty  would have on s t a g e  weight. 

of t h i s  func t ion ,  a s e p a r a t e  curve i s  given f o r  both a n  inc rease  and a 
decrease i n  e f f i c i e n c y .  
e f f i c i e n c y  by 2% t o  generate  t h e  p a r t i a l .  A s  expected, t h i s  d a t a  i n d i c a t e s  
t h a t  a decrease i n  e f f i c i e n c y  i s  r e l a t i v e l y  more c o s t l y  than a n  inc rease  i s  
on savings.  

Both curves are based on per turbing t h e  I s p  

3.3.6.4 Engine Weights 

An a n a l y s i s  w a s  performed t o  show the  in f luence  t h a t  engine weight 
has  on s t a g e  s i z e ,  
changes i n  engine weight introduce a d d i t i o n a l  second o rde r  e f f e c t s ;  t h a t  i s ,  
a reduct ion i n  engine weight r e s u l t s  i n  a smaller s t a g e  which r e q u i r e s  i n  
t u r n  a smaller engine and aga in  a l i g h t e r  s t a g e  - hence the  cyc le  continues.  
Figure 3-20 shows t h e  in f luence  of engine weight as a func t ion  of s t a g e  
weight. 
t o  lower t h e  engine weights by small amounts. 

This d i f f e r s  from the  i n e r t  weight s e n s i t i v i t y  i n  t h a t  

The r e s u l t s  show t h a t  t h e r e  i s  l i t t l e  t o  be gained by at tempting 

3.3.6.5 Number of Engines 

While a s t a g e  with a s i n g l e  engine w i l l  almost always be l i g h t e r  
than one with m u l t i p l e  engines ,  o t h e r  c r i t e r i a  (such as, engine a v a i l -  
a b i l i t y ,  engine out  c a p a b i l i t y )  may d i c t a t e  t h e  s e l e c t i o n  of two o r  more 
engines.  
on s t a g e  weight. Depending on t h e  s i z e  of t h e  s t a g e  t h i s  e f f e c t  can vary 
from less than 1% t o  over 10%. 
s t a g e s  can be a t t r i b u t e d  t o  t h e  f a c t  t h a t  f o r  t h e  smaller s t a g e s ,  a given 
change i n  i n e r t  (engine) weight r e p r e s e n t s  a g r e a t e r  percent  of t h e  t o t a l  
s t a g e  weight. Table 3-7 w a s  prepared t o  i l l u s t r a t e  t h e  manner i n  which an 
i n c r e a s e  i n  t h e  number of engines a f f e c t s  s t a g e  design f o r  t he  same pay- 
load requirement. From t h i s  t a b l e  i t  i s  evident  t h a t  t h e  l a r g e s t  i n c r e a s e  
occurs i n  t h e  engine systems weights.  

Figure 3-21 d e p i c t s  t he  in f luence  t h a t  two and fou r  engines have 

The l a r g e r  s e n s i t i v i t y  of t h e  smaller 
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3-31 



0.12 

0.10 

0.08 

0.06 

0.04 

* 0.02 

SYNCHRONOUS ORBIT 
CONFIGURATION 101 1 1  
TOPPl NG CYCLE 
T / W  = 0.25 
a = 400:l . 
PC = 3000 psi 
0 / F = 6.0: 1 

* 

- 

0 

0 
0 20 40 60 80 100 120 140 

STAGE WEIGHT ( 103 POUNDS) 

Figure3 -20  S e n s i t i v i t y  of Stage S ize  t o  Engine Weight 

3-32 



, 

14 

12 

10 

8 

6 

4 

2 

( 
0 

SYNCHRONOUS ORBIT 
CONFIGURATION 101 1 1  
TOPPl NG CYCLE 
T / W  = 0.25 
d = 400:l . 
Pc = 3000 psi 
O /  F = 6.0:l 

SINGLE ENGINE STAGE WEIGHT (103 POUNDS) 

Figure 3-21 The Influence of Multiple Engines on Stage Size 

3-33 



Table 3-  7 A Comparison of Stages Having One, Two and Four Engines 

NUMBER OF ENGINES 

TOTAL STAGE THRUST ( LB ) 

STAGE WEIGHT ( L B )  

PROPELLANT FRACTION 

TOTAL PROPELLANT WEIGHT ( L B )  

SHELL WEIGHT ( LB ) 

THRUST STRUCTURE WEIGHT ( LB ) 

TOTAL ENGINE WEIGHT ( LB) 

TANKAGE WEIGHT ( L B )  

i THEWAL PROTECTION WEIGHT ( L B )  
' PRESSURIZATION SYSTEM WEIGHT ( LB ) 

FEEDLINE WEIGHT ( LB ) 

TANK SUPPORT WEIGHT ( L B )  

1 

18241 

67966 

0 909 

638 13 

802 

283 

3 00 

533 

73 

240 

121 

966 

2 

18387 

68547 

0.908 

64320 

8 05 

289 

345 

537 

73 

240 

12 1 

973 

4 

18903 

706 12 

0.906 

661 15 

82 1 

294 

53 1 

550 

74 

240 

1 23 

1001 

3.3.6.6 Configuration Selection 

The stage geometry which was selected as a baseline to perform the 
majority of the analyses was the tandem tank configuration (10111). Refer 
to Section 2.2.2 for description of the various geometries which can be 
considered. The 10111 configuration was selected primarily as a matter of 
convenience since it was felt that the structural factors (monocoque/ 
complex structure weight ratios) were more accurate for this configuration 
than for the others. 

To better understand the influence of tankage arrangement, and the 
type and location of the thrust structure, stages were sized for 19 
additional configurations. A weight, length and diameter comparison of 
these stages if presented in table 3-8. 
sons of six of these are given in table 3-9. 

Additional, more detailed compari- 

Since the structural factors for the various configurations were not 
known to the same degree of accuracy, the exact weight difference between 
any two configurations cannot be stated with confidence. However, certain 
trends which are evident, can be used with confidence. In general, the 
configurations which look best from a performance standpoint are those which 
have multiple LOX tanks suspended below the thrust cone (ieee, 20111, 30111, 
and 40111). The reason that these geometries look more attractive, is that 

. 
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shell size (and hence weight) is decreased since it no longer must enclose 
the LOX tanks (see figure 3-22). 
offsets the increase in weight associated with tankage, pressurization and 
tank supports. (Note: Tank supports for the multiple LOX tank configura- 
tions may prove to be somewhat low, thus some of the 4,000 to 5,500 lb. 
weight savings may disappear upon further analysis). 

This decrease in shell weight more t 

These results apply to the relatively short duration synchronous orbit 
mission. For missions where meteoroid shielding is required, it may be 
possible to use the shell as both a load bearing structure and a meteoroid 
bumper. In these instances there is little or o advantage in eliminating 
any of the shell, since a meteoroid bumper would be needed on those tanks 
not enclosed by the shell. 

Although it might be suspected that the use of elliptical tank domes 
would produce smaller stages, stages designed with elliptical bulkheads 
prove to be heavier (refer to table 3-10). The reason is, that in order 
for the tanks to contain the same volume, the tank's diameter must be en- 
larged or if constrained, the cylindrical section's length must be added 
or increased. This results in larger, heavier shells and thrust structures 
as well as heavier tank domes. 

3.3.6.7 Diameter Constraint 

Since the stages evaluated in this study might interface with the 
Earth Orbit Shuttle (EOS), an investigation was made to determine what 
influence a diameter constraint would have on the design of an Orbit 
to Orbit Shuttle (00s) stage. Figure 3-23 presents the percent change in 
00s stage weight as a function of stage size for diameter constraints of 
120 and 180 inches. It is evident that a 120 inch restriction would severely 
penalize the OOS, regardless of stage size, while a 180 inch diameter would 
penalize only the very large stages. 
straints affect stage length. Here the effect of the constraint is more 
demonstrable. (Note: The sharp drop off in the 180 inch diameter curve 
at approximately 60,000 pounds is due to a change from a frustum type shell 
to a frustrum cylinder shell geometry. This switch is internal to the 
computer program and results from the diameter of the hydrogen tank 
approaching its maximum allowable value.) 
a diameter constraint affects a stage weight only for stages above a given 
size, hereinafter referred to as the 'break point'. Figure 3-25 shows how 
this break point varies with stage weight. 

Figure 3-24 shows how diameter con- 

In figure 3-23 it is seen that 

For reference purposes, figures 3-26 and 3-27, present maximum un- 
constrained stage diameter and length, and L/D respectively, as a function 
of stage weight. It is interesting that the unconstrained stage length-to- 
diameter ratio (L/D) remains fairly close to a value of 2.5 over a wide 
range of stage weights. 
topping cycle engines. 
the primary effect would be seen in stage length). 

(Note: The preceding analyses were based on 
However, had an expander cycle engine been used, 

3.3.6.8 Orbital Inclination 

The baseline orbital inclination for the 100 n.melow earth orbit 
was 28 1/20, 
clination orbit would have on the results. In general, size of the stages 

Figgre.3728 depicts the effect that a change to a 55' in- 
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Table 3-10 Comparison of Hemispherical and Elliptical Bulkheads on a 
Tandem Tank Stage 

CO N FI GU RATIO N 

STAGE WEIGHT ( LB ) 

TOTAL PROPELLANT WEIGHT ( LB ) 

SHELL WEIGHT ( L B )  

THRUST STRUCTURE WEIGHT ( LB ) 

ENGINE SYSTEM WEIGHT ( LB ) 

REACTION CONTROL SYSTEM WEIGHT ( LB ) 

HYDROGEN SYSTEM WEIGHTS ( L B )  

TANKAGE 

I NSU LATlO N 

PRESSURIZATION 

FEED LINES 

TANK SUPPORTS 

OXYGEN SYSTEM WEIGHTS ( LB ) 

TANKAGE 

I N SU LA T I 0  N 

PRESSU R I  ZATlO N 

FEED LINES 

TANK SUPPORTS 

10111 

85990 

80905 

1 064 
352 

369 

18 

428 

79 

40 

25 

183 

2 '15 

6 

270 

113 

10122 

89933 

843 13 

1044 

406 

384 

19 

710 

82 

40 

18 

1 95 

329 

6 

270 

110 

087 
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j u s t  about doubles.  Also,  t he  e f f e c t  not  only v a r i e s  w i th  s t a g e  s i z e ,  but 
depends upon t h e  type of mission ( t h a t  i s ,  whether payload i s  taken up, 
brought back o r  bo th ) .  

3.3.6.9 I n i t i a l  Coast T i m e  

For the b a s e l i n e  ana lyses  i t  w a s  assumed t h a t  t he  s t ages  would be 
f u l l y  loaded and i n  t h e  qu ie scen t  state f o r  24 hours p r i o r  t o  the f i r s t  
burn. Figure 3-29 shows how varying t h e  i n i t i a l  coas t  t o  7 and 30 days 
a f f e c t s  s t a g e  weight.  Table 3-11 p resen t s  a summary of coast  time e f f e c t s  
on t h e  thermal design c h a r a c t e r i s t i c s  of t h e  s t ages .  It i s  seen t h a t  a t  
30 days both f u e l  and o x i d i z e r  tanks optimize with a vent .  

These r e s u l t s  i n d i c a t e  t h a t  t h e  penal ty  a s soc ia t ed  with i n i t i a l  hold 
t i m e  may be s i g n i f i c a n t  and should be considered i n  any operat ions anays i s  
f o r  an Orbi t  t o  Orb i t  S h u t t l e ,  00s. 

3.3.6.10 Meteoroid Shielding Implicat ions 

It w a s  assumed t h a t  t h e  s t a g e s  analyzed f o r  t he  synchronous missions 
would be s to red  i n  a space hangar; thus,  they would not  r e q u i r e  any 
s p e c i a l  p ro t ec t ion  a g a i n s t  meteoroids. Add i t iona l  s e n s i t i v i t y  analyses  
were performed t o  i d e n t i f y  t h e  penal ty  incurred by a s t a g e  which w a s  
required t o  provide i t s  own meteoroid s h i e l d .  Resu l t s  a r e  shown i n  
f i g u r e  3-30, which p resen t s  t he  percent i n c r e a s e  i n  s t a g e  weight, as a 
func t ion  of s t a g e  weight, f o r  l i f e  expectancies  of 6 months and 12  months. 
For these analyses  t h e  e x i s t i n g  prime s t r u c t u r e  ( i . e .  s h e l l  and t h r u s t  
cone) w a s  used as the  bumper s i n c e  i n  every case thickness  of t he  s h e l l  and 
t h r u s t  s t r u c t u r e  more than s a t i s f i e d  t h e  required bumper thicknesses .  A 
backup s h i e l d  w a s  placed around each tank t o  p r o t e c t  t h e  tanks from t h e  
d e b r i s  cloud which r e s u l t s  when t h e  bumper i s  impacted by a meteoroid. For 
t h e  one year  l i f e  expectancy, t he  th i ckness  of t h e  backup w a l l  around t h e  
hydrogen tank var ied from 0.025", f o r  a 25,000 lb .  s t a g e ,  t o  0.029" f o r  a 
135,000 lb .  s tage.  I f  a sepa ra t e  bumper w e r e  used in s t ead  of u t i l i z i n g  
t h e  prime load bear ing s t r u c t u r e ,  t h e  s h i e l d i n g  weights would be much 
g r e a t e r  than ind ica t ed .  

3.3.7 Synchronous Orb i t  Mission - Two Stage Sizing. 

Analyses were performed t o  determine t h e  s i z i n g  requirements f o r  
accomplishing t h e  synchronous mission with two s t a g e s  ( r e f e r  t o  Sect ion 
3.3.1 f o r  a d e s c r i p t i o n  of t h e  mission p r o f i l e ) .  Three payload r e q u i r e -  
ments were considered - 0 uplmax down, maximum up/O down, and equal  ou t -  
bound and r e t u r n .  
t o  give combined s t a g e  weights of between 75,000 and 100,000 lbs .  The 
r e s u l t s  a r e  shown i n  f i g u r e s  3-31 through 3-33, which show f i r s t ,  second 
and combined s t a g e  weights as a func t ion  of t h e  outbound v e l o c i t y  de l ive red  
by the f i r s t  s t age .  (The second s t a g e  de l ive red  t h e  remainder of t h e  ou t -  
bound t r a n s f e r  v e l o c i t y ,  which i s  about a t o t a l  of 8200 f p s ,  and then per- 
formed t h e  t h r e e  remaining burns) .  I n  each case ,  t h e  f i r s t  s t a g e  returned 
t o  the  o r i g i n a l  low e a r t h  o r b i t  with the  i n t e r s t a g e .  

For each case t h e  abso lu te  value of payload w a s  s e l e c t e d  

Noted on the  f i g u r e s  are the  v e l o c i t y  increments which t h e  f i r s t  
s t a g e  can have t h a t  w i l l  put t he  f i r s t  s t a g e  i n t o  a t r a n s f e r  o r b i t  w i th  a 
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period equal  t o  an i n t e g r a l  number of times t h e  period of t h e  depa r tu re  
o r b i t .  
r e t u r n  t o  t h e  same po in t  i n  i t s  o r i g i n a l  depa r tu re  o r b i t  without i n c u r r i n g  
any phasing problems. 

These are the  only v e l o c i t i e s  which permit t h e  f i r s t  s t a g e  t o  

Inspec t ion  of t h e  r e s u l t s  shows t h a t  t he  s e l e c t i o n  of e i t h e r  equal  
s i z e  s t a g e s  o r  s t a g e s  where t h e  f i r s t  s t a g e  performs t h e  e n t i r e  outbound 
t r a n s f e r  v e l o c i t y ,  r e s u l t  i n  a t o t a l  combined weight which i s  not f a r  from 
t h e  optimum weight point .  I n  f a c t ,  f o r  less than 10% penal ty ,  a very wide 
range of s t a g e  s i z e  combinations can be used. This may prove t o  be s i g n i -  
f i c a n t  i n  s e l e c t i n g  a f l e e t  of s t ages  t o  perform a wide range of missions,  
u s ing  both s i n g l e  and m u l t i p l e  s t ages .  

The r e s u l t s  shown i n  f i g u r e  3-34 d e p i c t  t h e  s i z i n g  requirements f o r  
t he  a l t e r n a t e  two s t a g e  mission p r o f i l e  discussed i n  s e c t i o n  3.3.1. For 
t h i s  p r o f i l e  a synchronous o r b i t  s h u t t l e  (designated i n  f i g u r e  3-3 as t h e  
f i r s t  s t age )  performs t h e  f i r s t  t h r e e  burns and as much of t h e  fou r th  burn 
as i t  can. This s t a g e  i s  then returned and c i r c u l a r i z e d  i n  i t s  o r i g i n a l  
low e a r t h  depa r tu re  o r b i t  using a smaller s t age .  
i s  a n  a t t r a c t i v e  p r o f i l e  from a weight s t andpo in t ,  however, t h e  rendezvous 
problems may be s i g n i f i c a n t .  

It i s  evident t h a t  t h i s  

Furthermore, when a l l  t h e  A V ' s  are included t o  account f o r  phasing 
and rendezvous, much o r  a l l  of t h e  weight advantage may disappear.  A 
more d e t a i l e d  ope ra t ion  and mission p r o f i l e  a n a l y s i s  w a s  beyond t h e  scope 
of t h i s  study. 
and r e t u r n  payload case, similar t r ends  should occur f o r  a l l  the  cases. 

Although t h e  r e s u l t s  shown are only f o r  t he  equal  outbound 

3.4 LUNAR SHUTTLE 

3.4.1 Mission P r o f i l e  

The mission p r o f i l e  s e l ec t ed  f o r  t h e  lunar s h u t t l e  mission w a s  taken 
from re fe rence  10 and i s  t h e  same as t h a t  used f o r  t h e  base l ine  Reusable 
Nuclear S h u t t l e  (RNS) s i z i n g .  This  p r o f i l e  i s  depicted i n  f i g u r e  3-35, 
where t h e  v e l o c i t y  increments and a s soc ia t ed  coast  t i m e s  are shown. There 
are a t o t a l  of s i x  burns and the  v e l o c i t i e s  shown include estimated g r a v i t y  
lo s ses .  
p r o f i l e  as a ground r u l e .  The spec i f i ed  payloads of 120,000 l b s  t o  t h e  
moon and 21,800 lbs .  re turned are the same as those used i n  s i z i n g  t h e  RNS 
having 300,000 l b s .  of hydrogen. Accomplishing the  mission with two s t a g e s  
w a s  a l s o  inves t iga t ed .  For t h i s  mission t h e  f i r s t  s t a g e  w a s  used t o  pro- 
v ide  p a r t  of t he  outbound v e l o c i t y  increment, and t h e  second s t a g e  de l ive red  
t h e  remainder of t h e  outboard v e l o c i t y  increment as w e l l  as t h e  remaining 
f i v e  v e l o c i t i e s  a s soc ia t ed  with t h e  lunar  s h u t t l e  mission. Both s t a g e s  
were recovered i n  the  i n i t i a l  low e a r t h  o r b i t .  This  two s t a g e  luna r  s h u t t l e  
p r o f i l e  i s  shown i n  f i g u r e  3-36. From a weight s tandpoint  t h e  a l t e r n a t e  
two s t a g e  p r o f i l e  i nves t iga t ed  f o r  t h e  synchronous o r b i t  mission probably 
would have p r o v e n a t t r a c t i v e  he re ,  bu t  w a s  no t  i nves t iga t ed .  

A 90° plane change c a p a b i l i t y  i n  lunar  o r b i t  w a s  included i n  t h e  

3.4.2 Mixture Ra t io  Optimization 

For t h e  lunar  s h u t t l e  mission, t h e  thermal and meteoroid p r o t e c t i o n  
requirements are more severe than f o r  t h e  synchronous o r b i t  mission. Since 
t h e  system weights depend on tank s i z e s ,  a mixture r a t i o  opt imizat ion w a s  
necessary t o  ensure t h a t  minimum weight s t a g e s  were s i zed .  A chamber 
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Figure 3-35 Single Stage Lunar Shuttle Mission Profile 
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pres su re  of  3,000 p s i a  and a n  area r a t i o  of 400:l w a s  used, 
given i n  f i g u r e  3-37, show t h a t  t he  optimum mixture r a t i o  lies between 
6 : l  and 7 : l .  

The r e s u l t s ,  

3.4.3 Stage Weights and Design C h a r a c t e r i s t i c s  

A summary weight s ta tement  i s  given i n  t a b l e  3-12 f o r  a s t a g e  wi th  a 
mixture r a t i o  of 6 : l .  Th i s  s t a g e  w i l l  d e l i v e r  t h e  s p e c i f i e d  payloads t o  
and from t h e  moon and is  about equ iva len t  ( f o r  t h i s  mission) t o  a Reusable 
Nuclear S h u t t l e  having a 300,000 lb .  hydrogen load. The s a l i e n t  des ign  
f e a t u r e s  of t h e  s t a g e  are summarized i n  t a b l e  3-13. Spec ia l  note  should be 
paid t o  t h e  thermal i n s u l a t i o n  d e n s i t i e s  assumed f o r  t h i s  s t a g e  ( r e f e r  t o  
s e c t i o n  3.2). This  i n s u l a t i o n  i s  less dense than t h a t  used f o r  t h e  o t h e r  
missions inves t iga t ed  during t h i s  study. For t h i s  mission, t h e  s e l e c t e d  
d e n s i t i e s  were chosen t o  provide consis tency with t h e  RNS thermal pro- 
t ec t ion  * 

The weights shown i n  t a b l e  3-12 f o r  t h e  meteoroid s h i e l d  are t h e  
weights a s soc ia t ed  wi th  only a backup w a l l  around t h e  tank. 
load bear ing s t r u c t u r e s  ( i . e e ,  s h e l l  and t h r u s t  s t r u c t u r e )  were found t o  
be adequate t o  se rve  as bumpers. 

The prime 

Inf luence c o e f f i c i e n t s  which can be used t o  a d j u s t  the s t a g e  weights 
f o r  changes i n  t h e  i n e r t  weights (e.g. a s t r i o n i c  system) and engine pe r -  
formance have been included i n  t a b l e  3-12. 
s i z i n g  requirements are extremely s e n s i t i v e  t o  i n e r t  weight and engine 
performance. 

They show t h a t  t h e  luna r  s h u t t l e  

The d a t a  presented i n  t a b l e s  3-12 and 3-13 assume t h a t  almost 100% of 
t h e  h e a t  e n t e r i n g  t h e  tanks comes through t h e  i n s u l a t i o n .  
i n f luence  t h a t  t h e  e f f e c t i v e n e s s  of h e a t  blocks has  on s t a g e  s i z e ,  an 
a n a l y s i s  w a s  conducted assuming t h a t  only 50% of the h e a t  e n t e r i n g  t h e  
tanks came through t h e  i n s u l a t i o n .  (The remainder entered through t h e  
s k i r t s  and a t t ached  p o i n t s ,  plumbing, e t c . )  Table 3-14 provides a summary 
comparison which shows how t h i s  assumption a f f e c t s  t h e  s t a g e  design. From 
these  r e s u l t s  i t  would appear t h a t  t h e  development of e f f e c t i v e  h e a t  blocks 
should prove t o  be a very c o s t  e f f e c t i v e  endeavor. 

To determine t h e  

3.4.4 

S tud ie s  were accomplished t o  determine t h e  optimum s i z e  s t a g e s  
necessary t o  perform t h e  lunar  s h u t t l e  mission w i t h  two s tages .  The 
mission p r o f i l e  w a s  previously discussed i n  Sec t ion  3.4.1. Figure 3-38 
i l l u s t r a t e s  t h e  r e s u l t s  of t h i s  a n a l y s i s .  Shown are f i r s t ,  second and t o t a l  
combined s t a g e  weights as a func t ion  of  t h a t  po r t ion  of t h e  outbound 
t r a n s f e r  v e l o c i t y  accomplished with the f i r s t  s t age .  
t o t a l  weight occurs wi th  t h e  f i r s t  s t a g e  d e l i v e r i n g  around 7,000 f e e t  per  
second. However, almost no penal ty  i s  incurred i n  reducing t h e  f i r s t  
s t a g e  v e l o c i t y  t o  about 6,5000 f e e t  p e r  second where equal  s i z e  s t a g e s  are 
required.  

The optimum (minimum) 

If t h e  f i rs t  s t a g e  i s  required t o  perform t h e  e n t i r e  f i r s t  burn,  a 
s l i g h t  pena l ty  (about 5% i n  t o t a l  weight) i s  incu r red .  However, t h e  two 
s t a g e s  vary g r e a t l y  i n  s i z e  and may have advantages from t h e  s tandpoint  of 
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f l e e t  v e r s a t i l i t y o  For example, t h e  f i r s t  s t a g e  could a l s o  be used 
( s l i g h t l y  modified) as a lunar  lander  o r  o r b i t - t o - o r b i t  s h u t t l e .  

A s  a matter of i n t e r e s t ,  t h e  use of t he  Earth O r b i t  S h u t t l e  O r b i t e r  
as t h e  f i r s t  s t a g e  of two s t a g e  Orbi t - to-Orbi t  S h u t t l e  w a s  examined. The 
unmodified o r b i t e r  s e l e c t e d  f o r  t h i s  i n v e s t i g a t i o n  w a s  assumed t o  have a 
p rope l l an t  load of 471,000 pounds, and a t o t a l  weight of 735,000 pounds. 
The r e s u l t s  of t h i s  a n a l y s i s ,  which are shown i n  f i g u r e  3-39, p re sen t  
s o l u t i o n s  f o r  four  d i f f e r e n t  t o t a l  o r b i t e r  weights.  The t o t a l  o r b i t e r  
weights given r e f l e c t  t h e  removable of va r ious  amounts of i n e r t  weight 
(e.g.  aerodynamic f a r i n g s ,  landing gear ,  etc.)  from t h e  o r b i t e r ,  For 
r e fe rence ,  a n  o r b i t e r  having a l i f t o f f  weight of 555,000 pounds would 
correspond t o  a p rope l l an t  f r a c t i o n  of 0.85. The i n t e r s e c t i o n  of t h e  
second s t a g e  curve wi th  t h e  fou r  o r b i t e r  performance curves are s o l u t i o n s  
which w i l l  s a t i s f y  t h e  mission c r i t e r i a .  Two of t h e s e  p o i n t s  are of some 
i n t e r e s t .  F i r s t ,  t he  unmodified o r b i t e r  (735,000 pound o r b i t e r )  could 
apparent ly  se rve  as a backup f i r s t  s t age .  Th i s  could have s i g n i f i c a n c e  
from a l o g i s t i c s  o r  s a f e t y  s t andpo in t ,  Second, i f  unneeded i n e r t  weight 
i s  s t r i p p e d  out  of  t h e  o r b i t e r  u n t i l  i t  has  a l i f t o f f  weight of 555,000 
l b s . ,  then t h e  second s t a g e  s i z e  requirement i s  reduced t o  j u s t  a l i t t l e  
over l O Q , O O O  l b s .  This  raises t h e  p o s s i b i l i t y  of u s ing  t h e  second s t a g e  
as both t h e  lunar  s h u t t l e  and t h e  luna r  lander  (see s e c t i o n  3.5). Although 
t h i s  might r e q u i r e  some modif icat ion of t h e  payload requirements,  a s i g n i -  
f i c a n t  programmatic advantage would occur - only one completely new s t a g e  
need be developed in s t ead  of two o r  t h r e e ,  Furthermore, i t  would be a 
r e l a t i v e l y  smaller s t a g e  than a n  RNS o r  comparable s i n g l e  s t a g e  chemical 
s h u t t l e .  Of course,  t h e  amount of p r o p e l l a n t  used per  f l i g h t  would be 
g r e a t e r  - thus annual r e c u r r i n g  c o s t s  would be s a c r i f i c e d  t o  a t t a i n  a 
s i g n i f i c a n t  reduct ion i n  development c o s t s .  

Study funding would not permit more than t h i s  cbrsory examination of 
t h e  use of t h e  EOS O r b i t e r  as a n  o r b i t - t o - o r b i t  s t a g e .  It i s  recommended, 
however, t h a t  t h i s  p o s s i b i l i t y  be re-examined i n  any f u t u r e  chemical s h u t t l e  
s t u d i e s  

3.4.5 Comparison wi th  Reusable Nuclear S h u t t l e  

A d e t a i l e d  comparison between a chemical and nuc lea r  lunar  s h u t t l e  
would r e q u i r e  a considerably l a r g e r  e f f o r t  than t h e  funding a v a i l a b l e  i n  
t h i s  s tudy would allow. However, a prel iminary eva lua t ion  shows t h a t  u s e  
of a chemical s h u t t l e  i n s t ead  of a nuc lea r  s h u t t l e  could e a s i l y  prove t o  
be t h e  least c o s t l y  way t o  accomplish t h e  lunar  s h u t t l e  mission, A summary 
comparison of t he  chemical nuc lea r  s h u t t l e s  i s  presented i n  t a b l e  3-15. 

From a n  o p e r a t i o n a l  s tandpoint ,  a major cos t  f a c t o r  i n  a luna r  s h u t t l e  
program would be the c o s t  t o  d e l i v e r  t h e  necessary p r o p e l l a n t s  t o  the  luna r  
s h u t t l e .  The f i r s t  p a r t  of t h e  t a b l e  shows t h e  number of Earth Q r b i t  
S h u t t l e ,  EOS, t r i p s  necessary t o  d e l i v e r  t h e  p rope l l an t  needed f o r  both 
the chemical and nuclear  l una r  s h u t t l e s .  The p r e s e n t l y  planned EOS is 
volume l imi t ed  r a t h e r  than weight l imi t ed  f o r  t h e  d e l i v e r y  of hydrogen t o  
e a r t h  o r b i t .  Thus, even though t h e  RNS r e q u i r e s  only 300,000 pounds of  
p rope l l an t  as compared t o  535,000 pounds of p r o p e l l a n t  f o r  t h e  chemical 
s h u t t l e ,  t h e  same number of supply t r i p s  are r equ i r ed  t o  d e l i v e r  t h e  pro- 
p e l l a n t  required f o r  both types of s t ages .  From a p rope l l an t  l o g i s t i c s  
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s t andpo in t  n e i t h e r  s t a g e  has  a s i g n i f i c a n t  advantage. This  assumes t h a t  
t h e  added cos t  of handl ing two p r o p e l l a n t s  w i l l  be o f f s e t  by t h e  h ighe r  c o s t  
of hydrogen as compared t o  oxygen. 

The c h a r t  a l s o  provides a s u b j e c t i v e  eva lua t ion  of t h e  r e l a t i v e  
merits of t h e  two s t a g e s  i n  terms of cos t  requirements,  advancement of 
technology, o p e r a t i o n a l  s a f e t y ,  and v e r s a t i l i t y .  It i s  believed t h a t  t h e  
nuclear  s t a g e  i s  t o  be p re fe r r ed  only i n  terms of advancing technology 
and f o r  use i n  manned i n t e r p l a n e t a r y  exp lo ra t ion .  Of course t h e s e  lat ter 
f a c t o r s  may i n  themselves be s u f f i c i e n t  t o  outweigh a l l  o t h e r  cons ide ra t ions  
and t h e  RNS could be the  most c o s t  e f f e c t i v e  s t a g e  from t h e  s tandpoint  of 
long range planning. 

3.5 LUNAR LANDlER 

3.5.1 Mission P r o f i l e  

The payload requirements and mission p r o f i l e  f o r  t h e  s i z i n g  of a luna r  
lander  are i d e n t i c a l  t o  those given i n  Reference 11. Figure 3-40 d e p i c t s  
t h e  f l i g h t  p r o f i l e  used f o r  t h e  l ande r .  The 7,200 f p s  v e l o c i t y  increment 
budget f o r  each l e g  of t he  t r i p  between a 60 nm luna r  o r b i t  and t h e  luna r  
s u r f a c e  and t h e  r e t u r n  t o a  60 nm luna r  o r b i t  i s  considered t o  be a con- 
s e r v a t i v e  value.  
hovering, rendezvous, etc.  b u t  does no t  i nc lude  plane change v e l o c i t i e s .  
The 20,000 lb .  payload w a s  assumed t o  be comprised of a 10,000 lb.  crew cap- 
s u l e ,  5,000 lb s .  of mob i l i t y  a i d s  and 5,000 l b s .  of s c i e n t i f i c  equipment. 
The thermal p r o t e c t i o n  requirements were based on t h e  cr i ter ia  t h a t  t h e  
s t a g e  remain f u l l y  loaded i n  t h e  qu ie scen t  s ta te  f o r  180 days ( i n  luna r  
o r b i t )  and a 42-day s t a y  t i m e  on t h e  luna r  su r face .  The 180-day i n i t i a l  
' c o a s t '  i s  based on a requirement f o r  a r e scue  veh ic l e .  

This v e l o c i t y  increment i nc ludes  cont ingencies  f o r  

3.5.2 Mixture R a t i o  Optimization 

A s  with t h e  luna r  s h u t t l e ,  a mixture r a t i o  op t imiza t ion  was conducted 
t o  ensure t h a t  minimum weight s t a g e s  were s i zed .  The resu l t s ,  given i n  
f i g u r e  3-41, i n d i c a t e  t h a t  t h e  t h e o r e t i c a l  optimum occurs a t  a value 
g r e a t e r  than 7 t o  1. However, t h e  s lope  of the curve i s  very s l i g h t  and 
t h e r e  i s  l i t t l e  t o  be gained i n  going beyond a mixture r a t i o  of 6 t o  1. 

3.5.3 Sample Stage Weight Statement and Design C h a r a c t e r i s t i c s  Summaryo 

A summary of t h e  weights and design c h a r a c t e r i s t i c s  of  t h i s  s t a g e  i s  
given i n  t a b l e s  3-16 and 3-17, r e s p e c t i v e l y .  
used a mixture r a t i o  of 6 t o  1, which i s  somewhat less than  the  t h e o r e t i c a l  
optimum. 

The example s t a g e  s e l e c t e d  

It should be noted t h a t  a considerable  amount of i n s u l a t i o n  i s  r equ i r ed  
on both the  f u e l  and ox id ize r  tanks - and t h e s e  were obtained us ing  very 
e f f e c t i v e  h e a t  blocks i n  t h e  taQk suppor t s  and plumbing. 
h e a t  e n t e r i n g  through the  supports  and plumbing were allowed t o  i n c r e a s e  
t o  h a l f  of t h a t  e n t e r i n g  t h e  i n s u l a t i o n ,  t h e  i n s u l a t i o n  th i ckness  of the 
f u e l  and o x i d i z e r  tanks would i n c r e a s e  t o  7.60 and 3.85 inches,  r e s p e c t i v e l y .  
And t h e  s t a g e  weight would inc rease  from 74,854 l b s .  t o  83,539 l b s .  
ever, t h e r e  i s  some ques t ion  as t o  whether super  i n s u l a t i o n s  can be used 

I f  t h e  amount of 

How- 

, -  
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effectively at these large thicknesses, 

Table 3-18 shows the effect of restricting the thermal insulation 
thicknesses to 1 inch on both the fuel and oxidizer tanks. 
the penalty is not as severe as might be suspected. 
penalty attendant with the significant increase in boil-off was largely 
offset by the reduced weight of insulation. 

Surprisingly, 
The thermal mass 

Since vented hydrogen has a significant thermal capacity for cooling 
the oxygen tank, a special sizing run was made to show the effect of venting 
the hydrogen through coils in the LOX tank. 
between this stage and the baseline stage in which the hydrogen vent was 
not used for cooling. It appears that the additional complexity of a 
cooling system may be worthwhile and this type system should be considered 
in future design studies of stages requiring extensive thermal protection. 

Table 3-19 provides a comparison 

.6 

3.6.1 Mission Profile 

The two planetary missions represented the last general type of 
mission studied. The first corresponded to a mission in which a relatively 
small stage circularized a scientific payload into an orbit about the 
planet after a long interplanetary coast. 
placed on a Mars trajectory by another stage or booster. 
file for this single burn case is shown in figure 3-42. For illustrative 
purposes, the selected coast times and A V ' s  correspond roughly to a 
typical Mars mission. 

The stage was assumed to be 
The mission pro- 

The second planetary mission required a single stage to perform two 
The first burn provided the transfer velocity to place the major burns. 

stage on an interplanetary Mars trajectory. The second burn performed 
the same function as discussed for the previous stage - iaee, circularization 
at Mars. The mission profile for this two-burn Mars stage is shown in 
figure 3-43. Again, velocities and coast times were selected to approximate 
a Mars mission. 

Hereinafter, the two cases are referred to as the single-burn and two- 
burn Mars missions, respectively. The 7,000 pound payloads selected for 
these missions were felt to be typical for a Mars mission. 

3.6.2 Engine Parameter Optimization 

The results of mixture ratio optimization for the single-burn Mars 
missions are presented in figure 3-44. The single-burn Mars stage opti- 
mized at a mixture ratio between 6.0~1 and 7.0~1~ This shift to higher 
mixture ratios is typical for missions having severe thermal protection 
requirements. For reasons discussed in section 3-2, it was necessary to 
use both gas generator and topping engine cycle data for the small single- 
burn Mars stage, Hence, it was not possible to do a complete engine para- 
meter optimization for this case, The assumed thrust-to-weight, area ratio, 
and chamber pressure were 0.25, 200:l and 1,000 psi, respectively. 

Because the two-burn Mars stage was larger, it was possible to use 
a consistent set of engine (topping) cycle data and perform a complete 
engine parameter optimization. The results of this analysis are presented 
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Table 3-18 Effect of Restricting the Thermal Insulation Thickness on 
Stage Size 

- 

ITEM 

STAGE WEIGHT ( L B )  

. TOTAL PROPELLANT WEIGHT ( LB ) 

TANKAGE WEIGHT ( LB ) 
HYDROGEN 
OXYGEN 

INSULATION WEIGHT ( L B )  
HYDROGEN 
OXYGEN ’ 

VAPOR VENTED ( LB ) 
HYDROGEN TANK 
OXYGEN TANK 

TANK DESIGN PRESSURE ( P S I  ) 
HYDROGEN 
OXYGEN 

TANK VENT PRESSURE ( P S I  ) 
HYDROGEN 
OXYGEN 

INSULATION THICKNESS (IN. ) 
HYD RO GEN 
OXYGEN 

BASELINE 

74854 

60978 

687 
2 14 

1758 
308 

528 
0 

47.05 
45.65 

38.50 
41.50 

5.05 
1.95 

LIMITED 
THICKNESS 

75588 

62835 

830 
188 

398 
154 

3029 
435 

44.32 
40.05 

36.50 
26.50 

1 .oo 
1 .oo 

e 
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Table 3-19 E f f e c t  of LOX Tank Cooling on Stage S ize  

ITEM 

STAGE WEIGHT ( L B )  

. TOTAL PROPELLANT WEIGHT ( LB ) 

TANKAGE WEIGHT ( LB ) 
HY D RO GE N 
OXYGEN 

INSULATION WEIGHT ( LB ) 
HY D RO GEN 
OXYGEN ' 

VAPOR VENTED ( L B )  
HYDROGEN TANK 
OXYGEN TANK 

TANK DESIGN PRESSURE ( P S I  ) 
HY D RO GEN 
OXYGEN 

TANK VENT PRESSURE ( P S I  ) 
HYDROGEN 
OXYGEN 

INSULATION THICKNESS (IN. ) 
HYDROGEN 
OXYGEN 

BAS E L I NE 

74854 

60978 

687 
2 14 

1758 
308 

528 
0 

47.05 
45.65 

38.50 
41.50 

5.05 
1.95 

LOX TANK 

72892 

597 13 

5 14 
186 

1628 
200 

845 
0 

36.37 
40,15 

29 00 
36.50 

4,80 
1.30 
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i n  f i g u r e s  3-45 through 3-48. 
f o r  t h e  two-burn Mars s t a g e ,  were found t o  be 3,000 p s i  and 400:1, res- 
pec t ive ly .  
than 7.0:l.  

The optimum chamber p re s su re  and area r a t i o  

A s  shown i n  f i g u r e  3 - 4 8 ,  t h e  mixture r a t i o  optimized a t  g r e a t e r  

The optimum mixture r a t i o  of t he  two-burn s t a g e  i s  higher  than t h a t  of 
the s ingle-burn Mars s t a g e ,  because t h e  two-burn s t a g e  has  a much more 
severe thermal problem, even though both s t a g e s  have approximately t h e  same 
mission du ra t ion .  Th i s  r e s u l t s  from t h e  f a c t  t h a t  during t h e  i n t e r -  
p l ane ta ry  c o a s t ,  t h e  two-burn s t a g e  has  a r e l a t i v e l y  l a r g e r  tank s u r f a c e  
area through which h e a t  i s  e n t e r i n g ,  and only a f r a c t i o n  of t he  o r i g i n a l  
p rope l l an t  r e m i n i n g  i s  a v a i l a b l e  t o  absorb t h i s  h e a t .  

3.6.3 Sample Stage Weiphts and Design Charts 

Weight s ta tements  and design c h a r a c t e r i s t i c s  f o r  both Mars s t a g e s  
are given i n  t a b l e s  3-20 t o  3-23. A s i g n i f i c a n t  d i f f e r e n c e  between t h e s e  
two s t ages  and those s tud ied  f o r  t h e  o t h e r  missions w a s  t h e  meteoroid 
sh i e ld ing .  For these  two s t a g e s  t h e  prime s t r u c t u r e  w a s  assumed t o  be a n  
open t r u s s  t o  permit t h e  tanks t o  r a d i a t e  h e a t  t o  space and hence could 
not  be used f o r  meteoroid sh i e ld ing .  I n s t e a d ,  a s e p a r a t e  bumper, i n  a d d i t i o n  
t o  t h e  backup w a l l ,  w a s  required t o  p r o t e c t  t h e  tanks.  

Since a non-vented s t a g e  would have some o p e r a t i o n a l  advantages over 
a vented s t a g e  f o r  i n t e r p l a n e t a r y  missions,  an a n a l y s i s  w a s  conducted t o  
determine t h e  e f f e c t  such a requirement would have on a one-burn Mars s t age .  
The r e s u l t s  are presented i n  t a b l e  3-24. 
t h e  optimum i n s u l a t i o n  thicknesses  and t h e  tank des ign  p res su res  both i n -  
creased,  t h e r e  w a s  only a small inc rease  i n  o v e r a l l  s t a g e  weight. 

Although f o r  t h e  non-vented case, 
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Tab le3 -24  A Comparison of Vented and Non-Vented Stages 

ITEM 

STAGE WEIGHT ( L B )  

. TOTAL PROPELLANT WEIGHT ( LB ) 

TANKAGE WEIGHT ( LB ) 
HYDROGEN 
OXYGEN 

INSULATION WEIGHT ( LB ) 
HYDROGEN 
OXYGEN 

VAPOR VENTED ( LB ) 
HYDROGEN TANK 
OXYGEN TANK 

TANK DESIGN PRESSURE ( P S I  ) 
HY D RO GE N 
OXYGEN 

TANK VENT PRESSURE ( PSI ) 
HYDROGEN 
OXYGEN 

INSULATION THICKNESS (IN. ) 
HYDROGEN 
OXYGEN 

VENTED 

9480 

7100 

120 
42 

358 
44 

167 
0 

71.32 
71.04 

61 .OO 
59 e 00 

4.04 
1.14 

NONVENTED 

9784 

7151 

2 68 
43 

396 
42 

0 
0 

145.86 
72.83 

130.50 
55.25 

4.20 
1.08 
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The objective of this study was to provide NASA with data which could 
be used in assessing technology requirements for future NASA missions and 
to serve as an aid in allocating future resources. 
is best" are therefore, not per se, a pertinent result of this study. 
ever, some general comments and observations can be made which are dis- 
cussed in the remaining paragraphs e 

Conclusions as to "what 
How- 

4.1 E 

It was found that stage design was not greatly sensitive to the 
selection of engine chamber pressure, mixture ratio, area ratio or cycle. 
While optimums do exist, it is believed that the final selection of 
operating characteristics should be predicated on practicabilities such as 
availability, development risks, etc. Considering these qualifying remarks, 
the following generalities can be made with respect to future paper studies 
of stages using hydrogen and oxygen as propellants: 

1. 

2. 

3. 

4 .  

5. 

Chamber pressure and area ratio should be as high as practical; 

Mixture ratio should be about 6.0:l for relatively short duration 
missions and higher, if possible, for long duration missions; 

Engine cycle should be selected according to the previous two 
recommendations but minimum thrust requirements should be 
considered for certain cycles. For example, the topping cycle 
engines have a thrust level below which they cannot be designed; . 

For stages weighing 50,000 lbs. or more, the number of engines 
may be selected on the basis of operational mission require- 
ments since performance penalties for multiple engines are 
small. For smaller stages, the performance penalties associated 
with multiple engines must be considered; 

Thrust-to-weight ratio optimizations should be considered, since 
a poorly selected thrust-to-weight ratio can result in signi- 
ficantly over-designed stages. 

4.2 STAGE FI  

The implications of stage characteristics such as configuration 
selection and diameter constraint vary according to stage size and mission 
requirement, therefore, generalizations are dangerous. In fact, these 
results show that it is best to consider interfaces such as the cargo 
hole diameter of the Earth Orbital Shuttle, EOS, from a total transportation 
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systems standpoint, i.e., how a diameter constraint affects the EOS and 
the Orbit-to-Orbit shuttle. 

4.3 T H E R M A L  A M E T E O R  P CTI 

In the area of thermal protection, this study suggests that the 
research and development of low density, low thermal conductivity insu- 
lation and effective heat blocks for tank supports will eventually pay off 
significantly in reducing the sizing requirements of stages designed for 
long duration missions. 
large fraction of the total inert weight of the stage. Thus, continued 
research into developing a better understanding of meteoroid shielding 
requirements and design techniques should prove to be an effective way of 
allocating available funds. 

Similarly,meteoroid shielding can represent a very 

The sizing requirements of stages used in a recoverable mode are 
extremely sensitive to assumed operational requirements such as coast 
time, initial orbit inclination, Isp's efficiencies and fixed 
inert weight (e.g., astrionics and similar systems). 
much as a 100% increase in stage size can be attendant with changing study 
groundrules. 
criteria in these areas can be far more important in conceptual design 
studies than subsystem design trade-offs. 

In some cases, as 

Thus, it would seem that trade-offs to develop optimum design 
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i 

- <  s : ~ e c  i f i c  impul s e  of 462.7 l b f - s?c / lb  :-lnd weig!is 375 pounds. The 
El  

e:,gine has t h r o t t l i n g  c a p a b i l i t y  ond can  have, i f  r e q u i r e d ,  a low 

t ' ; r u s  i, i d l e  mode o 2 e r a t i o n  f o r  p r o p e l l a n t  s e t t l i n g  o r  small 

"n ,?Lt?'dv?!rs. 

'i'he engine  r e q u i r e s  no p r e c o n d i t i o n i n g  and has  a r a p i d  s tar t  a f t e r  

l i q u i d  rea.ches t h e  valve i n l e t s .  The e n g i n e  i s  capab le  of  an 
unlimi.ted number of r e s t L r t s  . m d  can be r e s t a r t e d  i rnned ia t e ly  a f t e r  

shutdown, Mixture  r a t i o  e x c u r s i o n s  f o r  p r o p e l l a n t  u t i l i z a t i o n  can 

be made from 4.5:1 t o  6:i. 

S t a r t  t ime i s  apyrox ima te ly  2,5 seconds  a f t e r  l i q u i d  p r o p e l l a n t s  

,-<re nvai1:ible a t  t h e  v a l v e  inlr?f ;s .  

. I  
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C u t o f f  Ii2 
O2 

10 
33 

,71 Ane 3 poywer c y c l e  :is shown i n  X E .  2 i s  ill1 exp:lndcr c l j c l e  u s i n g  35 

, . . I - .. L ;,in ," i s  in te f ided  f o r  c o n t r o l  pu rposes .  I n d i v i d u . a l  t u r b i n e s  
-::.>r.cant of t i e  hydrogen  f low t o  poxer  t i l ?  t u r b i n e s .  The 5 >r:rcect 

; , ~ : . ~ e r e d  in a pnrallel. f low 21-rmgenent  p r o v i d e d  f o r  each  punp.  

?'ri:-: t rub:i .nes a r e  si.n;:le row v e l o c i t y  comFoucded and F r o v i d e  1561 
'i:or:;epower f o r  t h e  two s t o z e  centrifugal f u e l  p u p  i33d 228 hor se -  

pawer f o r  t h e  one s t a g e  c e n t r i f u g a l  o x i d i z e r  pump. A f t e r  e x p e s i c n c -  

i n g  E: 4 0 " R  t emTera tu re  drop  th rough  t h e  turbines, t h e  hydrogen 

P n t e r s  t h e  i n j e c t o r  w i t h  a t e m p e r a t u r e  o f  25O0R. 

i -  
t -  

The t h r u s t  chamber u s e s  a s e v e n  i n c h  combust ion  chamber and a n  

oyt inum be l l .  e x p m s i o n  n o z z l e .  The coizbust ion chntrher i s  o f  c h a n n e l  

c o n s t r u c t i o n  while t h e  n o z z l e ,  s t x t i n g  a t  a low a r e a  r a t i o ,  is  of 

t u b u l a r  c o n s t r u c t i o n .  I 
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Both t h e  o x i d i z e r  and f u e l  pumps a r e  coupled w i t h  i n d u c e r s .  If 

- r e i n d u c e p s  a r c  a l s o  u s c d ,  .the oxidizer and. f u e l  IJkSSR r e c u i r e c e n t s  

c :I 'oc lowerec! t o  6.4 Teet  an6 35.4 f e e t ,  r e s p e c t i v e l y .  

if iducer d r i v e  ; iouid be e i t h e r  h y d r a u l i c  o r  h o t  gas. 

Fre-  

30 th  f u e l  and o x i d i z e r  t u r b i n e s  a r e  s i n g l e  row v e l o c i t y  compounded 

d e s i g n s  allowing speeds  compat ib le  w i t h  t h o s e  d i c t a t e d  by t h e  pump 

d e s i g n s  s i n c e  t h e  pumps and t u r b i n e s  a r e  d i r e c t l y  coupled.  The 

o x i d i z e r  t u r b i n e  i s  20 p e r c e n t  admission.  3 0 t h  t u r b i n e s  o p e r a t e  

a t  t h e  same p r e s s u r e  r a t i o  cnd have a t u r b i n e  i n l e t  t empera tu re  

o f  290°i?. The o x i d i z e r  t u r b i n e  e f f i c i e n c y  is 0.56 w h i l e  t h e  f u e l  

t u r b i n e  e f f i c i e n c y  i s  0.77. Turbomachinery p a r m e t e r s  zre g iven  

i n  Table  1. 

I g n i t i o n  i s  ach ieved  u s i n g  a p la t inum wi re  r e s i s t a n c e  element .  

Eefore  p r o p e l l a n t s  beg in  t o  f l o w ,  a h e a t i n g  pulse  is s e n t  th rough 

t h e  p la t inum w i r e  c o i l .  Low mixture  r a t i o  p r o p e l l a n t s  are then  

i n t r o d u c e d  t o  t h e  i g n i t e r .  A f t e r  i g n i t i o n  i n  t he  i g n i t e r ,  main 
i n j e c t o r  p r o p e l l a n t  f low is  s t a r t e d .  Upon main chamber i g n i t i o n ,  

B -6 



Fi 

H 

PI 

B-7 



t h e  oxidizer flow to t h e  i p ; n i t e r  is c u t  o f f  and hydrogen o n l y  is  

a l lowed  t o  f low t h r o u g h  t h e  i p i k e r  d u r i n g  rnai-nstaae 

I f  a more r ap id  r e s t a r t  is r e q u i r e d ,  a c o n t r o l l e d  power,  low 
r a d i o  f r equency  i n t e r f e r e n c e  spark p l u s  i g n i t e r  c l luld be used 

t o  r e d u c e  t h e  i q n i t i o n  t ime t o  1 m i l l i s e c o n d  from 0,8 seconds .  

Connec t ions  r e q u i r e d  between t h e  e n g i n e  and v e h i c l e  a r e  mechan ica l ,  

f l u i d ,  and e l e c t r i c a l ,  The l o c ? . t i o n s  of  t h e  p r i n c i p l e  i n t e r f a c e  

mechan ica l  c o n n e c t i o n s  a r e  shown i n  F i g u r e  3. 

The mechan ica l  c o n n e c t i o n  f o r  t h r u s t  t - a n s m i s s i o n  i s  a t  t h e  fo rward  

f a c e  o f  t h e  g imbal  b lock .  T h r u s t  a l i g n m e n t  i s  m a i n t a i n e d  w i t h i n  30 
m i n u t e s  a n n u l a r  and 1/8" l a t e r a l  o f  t h e  e n g i n e  a x i a l  c e n t e r l i n e .  

Two e l e c t r o m e c h a n i c a l  g imbal  a c t u a t o r s ,  l o c a t e d  90" a p a r t  are 

c a p a b l e  of a t h r u s t  v e c t o r  a n g l e  of  a t  l e a s t  10 d e g r e e s  w i t h  a 

s t e a d y - s t a t e  c o n t r o l  o f  1/2" at  2.5 HZ, The a c t u a t o r s  cCm girnbzl 

t h e  e n g i n e  a t  v e l o c i t i e s  up t o  27 d e g r e e / s e c ,  Approximate g imbal  

t o r q u e  r e q u i r e m e n t s  are 1,400 f t - l b ,  

Fluid c o n n e c t i o n s  are r e q u i r e d  for t h e  p r o p e l l a n t  s u p p l y  l i n e s ,  

. tank p r e s s u r a n t  l i n e s ,  and  purge  supply l i n e s ,  These l i n e s  have  

f l e x i b i l i t y  t o  w i t h s t a n d  t h e  f o r c e s  of  g i m b a l i n g ,  t h e r m a l  e x p a n s i o n ,  

and m a n u f a c t u r i n g  misa l ignmen t ,  

The v e h i c l e  main p r o p e l l a n t  s u p p l y  l i n e s  i n t e r f a c e  w i t h  t h e  e n g i n e  

a t  t h e  main v a l v e  i n l e t s .  The o x i d i z e r  and f u e l  i n l e t s  p o s i t i o n s  

a r e  shown i n  F i g u r e  3, They a r e  below t h e  gimbal p o i n t  t o  a l l o w  

l eeway  i n  p r o p e l l a n t  l i n e  p o s i t i o n i n g ,  Both v a l v e  i n l e t s  are 

f i t t e d  w i t h  s t a n d a r d  f l a n g e  a t t a c h m e n t s ,  

Tank p r e s s u r a n t s  i n  t h e  form o f  h e a t e d  p r o p e l l a n t s  and/or  he l ium 

a r e  p r o v i d e d  by t h e  e n g i n e ,  The p r e s s u r a n t  and pu rge  l i n e s  i n t e r -  

f a c e  with t h e  v e h i c l e  a t  t h e  f l u i d  p a n e l s  
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8.2 p s i ,  20 p s i a  

6.2 p s i n  1 4  p s i a  

Fneumatic  S e q u i r e m e n t s  

Fneumat ics  a r e  r e q u i r e d  f o r  e n g i n e  and s e a l  p u r g e s .  Purge  r e q u i r e -  

:::.ents f o r  each  e n g i n e  o p e r a t i n g  cyc le  a r e :  

Regu la t ed  Purge  Purge  F l o w r a t e  Requ i red  
Fress. ( p i a >  ( sc fm)  Purge  Ten2 :.:j 

O x i d i z e r  System Helium 750 75 180 
F u e l  System i ie l ium 750 100 180 
C x i d i z e r  Fumy, S e a l  3e l ium 750 4.4 2.80 

%"he oxidizer pump sea l  p r g e  i s  used t h r o u g h o u t  e n g i n e  o p e r a t i o n .  The 
o x i d i z e r  sys tem purge  o p e r a t e s  f o r  a p p r o x i m a t e l y  1 second a t  s t a r t .  

The o x i d i z e r  system purge  o p e r a t e s  f o r  a p ? r o x i m s t e l y  4 s e c o n d s  and 

t h e  f u e l  sys t em purge  for 2 seconds  a t  c u t o f f .  

B-10 



The pneumz t i c  r e q u i r e m e n t  for main v a l v e  a c t u a t i o n  assuming a 3000 

p s i  h e l i u m  s u p y l y  p r e s s u r e  r e g u l a t e d  at 750 p:ji (- 2GOoI?)  is 2600 

s t z i i d n r d  c u b i c  i x h e s  f o r  each €irj.n;:. 

The e l e c t r i c a l  power r e q u i r e m e n t s  f o r  e a c h  e n g i n e  o p e r a t i n g  c y c l e  

i n c l u d i n s  gimbal a c t u a t i o n ,  v a l v e  z c t u x t T o n ,  e n g i n e  c o n t r o l l e r  

Tzckage i g n i t i o n  sys t em and e n g i n e  i n s t r u m e n t a t i o n  a r e :  

V o l t  age Total.  Power Requi rement ,  --I_-- dat t s  - 
26-30 DC 170 - 260* 

26-30 DC 80 - 120* *  

2 DC 36*** 
110 ac 2T* 

* Cont inuous  power d u r i n g  e n g i n e  o p e r a t i o n  

* *  Fower o n l y  d u r i n g  F u r z e  o p e r a t i o n  

u * *  Poiwer on ly  d u r i n g  0.8 second i g n i t i o n  sequence .  

Can be p r o v i d e d  from o t h e r  DC s o u r c e s  by s tepdown 

t r a m s f  ormer. 

The 110 AC s o u r c e  i s  p r e f e r r e d  b u t  o t h e r  power s o u r c e s  may b e  

a c c e p t a b l e .  

PXRAKZTRIC EHG IKE FEE1FORPIAKCE 

P a r n m e t r i c  e n g i n e  pe r fo rmance ,  w e i g h t  and s i z e  d a t e  f o r  o p t i m i z a -  

t i o n  s t u d i e s  a r e  p r e s e n t e d  i n  F i g .  4 t o  20. The d a t a  a r e  f o r  

e n g i n e s  similar t o  t h e  d e t a i l e d  d e s i g n  p r e s e n t e d .  
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The engine r e q u i r e s  no p r e c o n d i t i o n i n g  and h2.s a r a p i d  s t a r t  after 

l i q u i d  r eaches  t h e  va lve  i n l e t s ,  The engine  i s  capab le  of  an  un- 

l i m i t e d  number of  r e s t a r t s  and can be r e s t a r t e d  0.8 seconds  after 

shutdown Mixture  r a t i o  e x c u r s i o n s  f o r  p r o p e l l a n t  11 t i l i z a t i o n  can  

be ncde from 5: l  to 7:l. 

S t c r t  time i s  a c p r o x i m t e l y  2,5 seconds a f t e r  l i q u i d  -p rope l l an t s  

a r c  a v n i l z i l e  a t  the v a l v e  i n l e t s  a 

1 
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i\pyroximril;c full L h r u s t  s t a r t  a n d  c u t o f f  p r o p e l l a n t  r e q u i r e m e n t s  a r e :  

S t a r t  (:?.chievi.ng l u l l  
t h r u s t  and . e .  5 
nominnl XR)  

- 

C u t o f f  

2 r o p e l l a n t  Arrount (1.b:;) Impulse  

If 
O2 

2 

Y 
Of 

13 15000 l b - s e c  
40 

1 2  2OCOO l b - s e c  
33 

The e n g i n e  can  be s t a r t e d  a t  any t h r u s t  w i t h  p r o p o r t i o n a t e l y  r educed  

; > r o p l l a n t  usage .  

The cower c y c l e  as shown i n  F ig .  2 i s  a t o p p i n g  c y c l e  u s i n g  95 p e r -  

c e n t  of t h e  p recombus to r  flow t o  power t h e  t u r b i n e s .  The 5 p e r c e n t  

r o r f i i n  is i n t e n d e d  for c o n t r o l  pu rposes .  I n d i v i d u a l  t u r b i n e s  powered 

i n  a p a r a l l c l  flow a r rangemen t  a r c  p r o v i d e d  for each  pump. The t u r -  
5 i n e s  a r e  s i n g l e  row v e l o c i t y  conicounded and p r o v i d e  4150 horsepower  

f o r  t h e  two s t a g e  c e n t r i f u g a l  f u e l  pump and 897 horsepower  f o r  t h e  

two s t a g e  c e n t r i f u g a l  f u e l  pump and 897 hor sepower  f o r  t h e  one s t a g e  

c e n t r i f u g a l  o x i d i z e r  pump. 

The t h r u s t  chanbe r  d e s i g n  makes u s e  o f  a l o a d  c a r r y i n g  c y l i n d e r  from 
t h e  t o p  o f  t h e  i n j e c t o r  w i t h  a s e p a r a t e  s p h e r i c a l  t u r b i n e  e x h a u s t  

nlenum i n s i d e .  The h o t  plenum, i n t o  which b o t h  t u r b i n e s  e x h a u s t ,  

carr ies  no s t r u c t u r a l  l o a d i n g  o t h e r  t h a n  i n t e r n a l  p r e s s u r e .  Tke 

t u r b i n e  e x h a u s t  i s  d u c t e d  by t h e  plenum d i r e c t l y  t o  t h e  i n j e c t o r .  The 

i n j e c t o r  h a s  c o n c e n t r i c  e l e m e n t s  w i t h  t h e  o x i d i z e r  f l o w i n g  t h r o u g h  

c e n t r a l  p o s t s  s u r r o u n d e d  by t h e  h o t  t u r b i n e  e x h a u s t .  

The c h a n b e r  below t h e  i n j e c t o r  is of m i l l e d  c h a n n e l  c o n s t r u c t i o n  t o  

a low a r e a  r a t i o  a t  which p o i n t  t h e  t u b u l a r  w a l l e d  e x p a n s i o n  n o z z l e  

s k i r t  b e g i n s .  

h a v i n g  a l e n g t h  e q u a l  t o  80 -pe rcen t  o f  an  e q u i v a l e n t  15-degree  cone.  

The e x p a n s i o n  n o z z l e  i s  a n  optimum t h r u s t  c o n t o u r  

B-33 
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The o x i d i z e r  pump i f ;  ;: one sta,qe c c n t r i f u [ y i l  d e s i q n  Froducing n p r e s -  

>:\li*f' r i s e  of -5095 csia a t  a speed o f  SO000 rpm w i t h  an e f f j c l e n c j l  of  

O.r]Ci. The r e q u i r e d  ?@bIi i.s 55.3 f e e t  (26.5 p i a .  h'?Sl 1. There i s  an 

acJdi.tiona1. I j t n g c  p r o v i d i n g  a boos t  E of 1775 p 6 i a  f o r  t he  17 par -  

cent of  t h e  o x i d i z e r  flow used by the precombustor.  T h i s  s t a g e  

i*equi.res cn1.y 78 horsepower.  

- -  

r 7  iiic 1 f u e l  pump i s  a two s t a g e  c e n t r i f u g a l  d e s i g n  producing  A p r e s s u r e  

rise of 571'+ p s i a  a t  a speed of  95000 rpm w i t h  an e f f i c i e n c y  o f  0.66 
The r e q u i r e d  SFSX is  144.5 f e e t  (4.4 p s i a  1JI.SF). 

2 0 t h  the  o x i d i z e r  and fuel pumps a r e  coupled  wi th  induce r s .  I f  pre-  

i x i u c e r s  a r e  also used ,  t h e  o x i d i z e r  and f u e l  W S H  r equ i r emen t s  can  

S c  lowered t o  22 f e e t  and 58 f e e t ,  r e s p e c t i v e l y .  P re induce r  d r i v e  

would be e i t h e r  h y d r a u l i c  o r  h o t  gas. 

30 th  f u e l  and o x i d i z e r  t u r b i n e s  a r e  s i n g l e  row v e l o c i t y  compounded 

dorjlgns a l l o w i n g  speeds  compat ib le  w i t h  those  d i c t a t e d  by t h e  pump 

d e s i g n s  s i n c e  t h e  pumps and t u r b i n e s  a r e  d i r e c t l y  coupled.  Both 

t u r b i n e s  o p e r a t e  at t h e  same p r e s s u r e  r a t i o  and have a t u r b i n e  i n l e t  

t empera tu re  of 1960011. 
whi le  t h e  f u e l  t u r b i n e  e f f i c i e n c y  i f  0.72. Turbomachinery pa rame te r s  

a r e  g iven  i n  Table  1. 

The o x i d i z e r  t u r b i n e  e f f i c i e n c y  i s  0.41 

TXLCOMBUSTOR 

The precombustor t a k e s  a11 of  t h e  f u e l  f low and approx ima te ly  a n  

equa l  o x i d i z e r  flow. The d e s i g n  i s  c y l i n d r i c e l  10 i n c h e s  l o n g  and 

% i n c h e s  i n  d iameter .  

oxygen t u b e s  surrounded by gaseous f u e l  a n n u l i .  The precombustor  

e x h a u s t s  i n t o  t h r e e  h o t  gas l i n e s  - one f o r ' e a c h  t u r b i n e  and a 

bypass.  Precombustor  t empera tu re  c o n t r o l  i s  p rov ided  by a v a l v e  i n  
t h e  o x i d i z e r  l i n e .  

The i n j e c t o r  d e s i g n  i s  c o n c e n t r i c  w i t h  gaseous  
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T::r:ition i s  achieved u s i n g  n pl;:tinum 1wirc r e s i s t a a c c  c l emen t .  

:!elore c r o p e l l a n t s  h c z i n  t o  f low,  a h e a t  ii?g k u l s e  i s  s e n t  t h r o u g h  

:;12 , ) l x t i n u m  w i r e  c o i l ,  Low mixture r-i t i o  propel.l.int;:; a r e  t h e n  

intyoi luced t o  t h e  i g n i t e r .  Bft?r i g n i t i o n  i n  t h e  i f - n i t e r ,  main 

i i l  j r ? c t o r  p r o p c l l m t  f low i s  s t a r t e d ,  Upon main chr\nber i , ; n i t i o n ,  

int' o:,:idizer f low t o  the  i:;nSter is c u t  o f f  and hydrogen o n l y  is  

I- 1 :c.;ed t o  Tlow t h r o u g h  t h e  i e n i t e r  d u r i n g  m . i n s t 3 g e  e 

Gnr: i..;:ii 'il on sys tern i s  r e q u i r e d  f o r  t h e  p recombus to r .  I f p i t i o n  

01' t h e  m i n  ch.-lmber c m  be a c h i e v e d  w i t h  e i t h e r  t h e  h o t  p recombus to r  

c:'i:;es o r  w i t h  a se::arate main chamber i g n i t i o n  sys t em depend ing  upon 

the st srt r e  cuireulents ,  

If 7, more rapid r e a t a r t  i s  r e q u i r e d ,  a c o n t r o l l e d  power, low r a d i o  
.@ ~mc;uezcy  i n t e r f e r e n c e ,  spark p l u g  i g n i t e r  c o u l d  be used  t o  r educe  

t h y  i : , -n i t ion  t ime  t o  1 m i l l i s e c o n d  from 0.8 seconds .  

Connec t ions  r e q u i r e d  between t h e  e n g i n e  and v e h i c l e  a r e  m e c h a n i c a l ,  

f l u i d ,  and e l e c t r i c a l ,  The l o c a t i o n s  of t h e  p r i n c i p l e  i n t e r f a c e  

n e c h a n i c a l  c o n n e c t i o n s  a r e  shown i n  F i g u r e  4. 

The mechan ica l  c o n n e c t i o n  for t h r u s t  t r a n s m i s s i o n  is  a t  t h e  fo rward  

f a c e  o f  t h e  g imbal  b l o c k .  T h r u s t  a l i g n m e n t  i s  m a i n t a i n e d  w i t h i n  30 
n i n u t e s  a n n u l a r  and 1/8" l a t e r a l  of  t h e  e n g i n e  a x i a l  c e n t e r l i n e .  

e l e c t r o m e c h a n i c a l  g i E b a l  a c t u a t o r s ,  l o c a t e d  90" a p a r t  a r e  c a p b l e  of 

a t h r u s t  v e c t o r  a n g l e  of a t  l e a s t  10 d e g r e e s  w i t h  a s t e a d y - s t a t e  

c o n t r o l  of  1/2O a t  2,5HZ, 
v e l o c i t i e s  up t o  d e g r e e / s e c ,  Approximate g imba l  t o r q u e  r e q u i r e -  

ments  a r e  1400 ft-lb, 

Two 

The a c t u a t o r s  can  g imba l  t h e  e n g i n e  a t  

F l u i d  c o n n e c t i o n s  a r e  r e q u i r e d  f o r  t h e  p r o p e l l a n t  s u p p l y  l i n e s ,  tank 

p r e s s u r a n t  l i n e s ,  and pu rge  s u p p l y  l i n e s ,  These  l i n e s  have  f l e x i b i l i t y  

t o  w i t h s t a n d  t h e  f o r c e s  of  g i m b a l i n g ,  t h e r m a l  e x p a n s i o n ,  and  manu- 

f a c t u r i n g  misa l ignmen t .  B-36 
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Thr! v e h i c l e  ini.:in propc:l.l:lnt ~ i ~ j i 7 ~ l y  l i n c s  i n t e r f a c e  w i t h  t h e  origine 

at t h e  innin v a l v e  i n l e t s .  The o x i d i z e r  and fuel. i n l . e t  l o c a t i o n s  a r e  

cl.1or.m i n  F i g u r e  i t .  The i n l e t s  z r c  below the ::imbal y o i n t  t o  allow 

.l.seway i n  IiTOFel.liiC t l i n e  p o s i t i o n i n g .  The oxici izcr  valve i n l e t  

is 2 i n c h e s  i n  d i u m c t e r  and t h e  fluel v a l v e  i n l e t  is 3 in .ches  i n  

c i i x c t e r .  8 0 t h  a r e  f i t t e d  w i t h  s t a n d a r d  f lnnfys  s t t n c h m c n t s .  

T..::.!c ~:rc?s:,ur,-ints i n  t h e  f o r m  o f  he3  ted p r o p e l l z n t s  and/or he l ium a r e  

~ ~ ~ w v i d e c l  by t h e  eng ine .  The p r e a s u r a n t  nnc! surge  l i n e r ,  i n t e r f a c e  

with t h e  v e h i c l e  a t  t h e  f l u i d  pane l .  

X single i c t 2 r f a c e  p a n e l  i s  r e q u i r e d  t o  p r o v i d e  e l e c t r i c a l  power t o  

t h c  eng ine  and t o  t r a n s m i t  c o n t r o l  s i g n a l s  between t h e  eng ine  and  

v e h i c l e .  

- P r o c e l l z n t  Supply  Sequi rcrnents  

Ths r e q u i r e d  ?%SI1 v a l u e s  for t h e  p inps  a r e :  

F u e l  Pump O x i d i z e r  h m p  

d i t h o u t  P r e i n d u c e r  144.5 f t  55.3 ft 
With P r e i n d u c e r  58 ft 22 ft 

iissurning o x i d i z e r  and f u e l  v z l v e  l o s s e s  o f  10 and 5 p s i a  r e s p e c t i v e l y ,  

t h e  r e q u i r e d  n e t  p o s i t i v e  p r e s s u r e ,  a t  t h e  e n g i n e  i n l e t  b e f o r e  the 

~ a i n  v a l v e s  a r e :  

F u e l  I n l e f ,  O x i d i z e r  Inlet 

Vithou t P r e i n d u c e r  9.4 psia 36.5 psia 
With P r e i n d u c e r  6.8 psia 20.6 psis 

?neumztic  Bequi rements  

Pneumat ics  a r e  r e q u i r e d  for eng ine  and seal purges .  Purge  r e q u i r e -  

ments  f o r  each  e n g i n e  o p e r a t i n g  c y c l e  are: 

B-38 
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i5 

Purge  Regu la t ed  Purge Purge  F l o w r a t e  Requi red  
Medium Press. ( p s i n )  ( s c  fm) Purge Temp O R  

Oxidizer System Helium 750 75 180 
Fuel  System 11 e 1 i u n  750 LOO 180 
C x i d i z e r  Pump S e a l  Helium 750 4.4 180 

The 0 x i d i z i . r  pump sea l  pu rge  is used th roughou t  e n g i n e  o p e r a t i o n .  The 
o x i d i z e r  sys t em purge  o p e r a % e s  f o r  a p p r o x i m a t e l y  1 second a t  s t a r t .  The 

o x i d i z e r  sys t em purge o p e r a t e s  f o r  a s p r o x i m a t e l y  4 seconds  and t h e  f u e l  

:;j.stem purge  for 2 s e c o n d s  a t  c u t o f f .  

The pneumatic  r e q u i r e m e n t s  f o r  main v a l v e  a c t u a t i o n  assuming a 3000 p s i  

he l ium s u p p l y  p r e s s u r e  r e g u l a t e d  at  750 p s i  (- 200°11) i s  2600 s t a n d a r d  

ct lbic  i n c h e s  f o r  each  e n g i n e  f i r i n g ,  

Z l e c t r i c a l  Reaui rements  

The e l e c t r i c a l .  power r e q u i r e m e n t s  f o r  each  e n g i n e  o p e r a t i n g  c y c l e  i n c l u d -  

ing gimbal  a c t u a t i o n ,  v a l v e  a c t u a t i o n ,  eng ine  c o n t r o l l e r  package and 

e n s i n e  i n s t r u m e n t a t i o n  are: 

Vo l t age  T o t a l  Tower Requi rements ,  Watts 

26-30 DC 170 - 260* 
26-30 DC 80 - 120** 

110 AC 25 * 
2 DC 36 o r  72*** 

* 
*+ 

* * *  

Cont inuous  power d u r i n g  e n g i n e  o p e r a t i o n  

Power o n l y  d u r i n g  pu rge  o p e r a t i o n  

Power o n l y  d u r i n g  0.8 second i g n i t i o n  

sequence .  Can be p r o v i d e d  from o t h e r  DC 

s o u r c e s  by s t e p  down t r a n s f o r m e r .  

The 110 AC s o u r c e  is p r e f e r r e d  b u t  o t h e r  power s o u r c e s  may be 

a c c e p t a b l e ,  

B-39 
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’750 

1000 

2000 

3000 

Enclosure 4 t o  Letter ‘70RC.102r/0 

TARLF, 

ADVANCED TXCHNOLOGY 02/H2 ER1.L 

PARAMISTHI C T’ERFORMAN CE 

THRUST := 80,000 LB 
MR = 5 

E, 

100 

200 

300 
. 400 

100 
200 

300 
400 

100 
200 

300 

400 

100 
200 

300 

400 

100 
200 

300 

400 

IS 

45’7 0 

464.0 
467.2 
469.0 

457.7 
464.7 
467 9 
449 0 7 

458.2 
465.1 
468.3 
470 e 1 

459 1 
466.1 

469.3 
471 * 1 

459.6 
466.6 

469 e 8 

471.6 
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TABLE 

AINANCED TECHNOLOGY 02/H2 BELL 
PA RA1~WI"l'IC PFXFOR.MA)? CE 

P 

750 

lo00 

2000 

30QO 

THRUST = BO,OOO LH 
KR = 6 

100 
200 

300 
LOO 

180 
200 

300 
400 

1QO 

200 

300 
400 

100 
200 

300 
4Qo 

A54 di 
462. 5 
466.3 
468.5 

455 04 
463 6 
467.6 
469 6 

45891 
466,k 
470.3 
4'72.5 
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T A B U  

750 

1000 

2000 

ADVANCED TECHNOLOGY 02/H2 BELL 
PARAMETRIC PERFORMANCE 

THRUST = 80,000 LB 

M R = 7  

E 

100 
200 

300 
400 

100 

200 

300 
400 

100 
200 

300 

400 

100 

200 

300 

400 

wt7.8 

456.8 
461.1 

463.6 

I.&8.8 

457.8 
462.1 

464.6 

451 e 3  
460.4 

464 7 
467.3 

452.i 
461.8 
466.2 

468.8 
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Thrust = 120,GX Ib 
im = 5 

Pc 
v 

500 100 

200 

300 

sic0 

457.2 

464.2 

467.4 

469.2 

750 100 

2co 

300 

400 

437. s 
464.8 

468.0 

469.8 

loa0 100 

200 

300 

400 

458.2 

465.2 

46s. 4 

470.2 

459.0 2WO 100 

200 

300 

400 

150 

203 

300 

i 3 Q  
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2003 

3GCO 

r ... 

100 

203 

300 

400 

1 GO 

2c9 

359 

400 

100 

200 

203 

300 

400 

. ;  

455.5 

463.7 

4E7.5 

469.7 

455.1 

464.3 

46E. 3 

470.4 

457.5 

465.7 

469.5 

471. s 
459.2 

coo. 4 

470.2 

472.5 
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500 

_c 3 

750 

1000 

L.333 

Thrust = 129,000 lb 
LiR = 7 

5 

100 

200 

300 
400 

100 

200 

300 

400 

100 

200 

300 

400 

100 

200 

300 

400 

100 

200 

300 

4000 

-- I 

446.2 

L455.2 

459. a 

-s- I 

461. Q 

448.0 

457.0 

461.3 

4G3.8 

44s. 9 

458. Q 
462.3 

464.9 

. .  

851.3 

460.4 

464.8 

467.4 

452.7 

461. s 
, 466.2 

468.8 . 



750 

1000 
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3 

PARAMETRIC WEIGHTS 
BELL ENGINES, EXPANDER CYCLE 

AREA RATIO 

100 
200 

300 
400 

THRUST = 80 --- 

900 
13 80 
1845 
23 80 

785 
1090 
1400 
1700 

13 00 
2000 

2690 
3350 

1070 

13 70 
1810 
2100 
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.. 

pC - 
1000 

2000 

<* 
AREA HRTIO 

100 
200 

300 

400 

100 
200 
300 
400 

100 
200 
300 
400 

TIIRUST = BO.OQ0 

915 
1155 
1400 
1600 

900 
1020 
1U5 
1250 

985 
1060 

1145 
1220 

13 10 
1660 
204 0 

2480 

1390 
U6Q 
1650 
1810 
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TABLE 

STAGED COMBUSTION T O P P I N G  CYCLE BELL ENGINE DIMENSIONS 

THRUST 
_c- 

80,000 

80,000 
80,000 
80,000 
80 000 
80,000 
80, OOO 

80,000 
80,000 
80,000 
80,000 
80,000 
120 000 
120,000 
120,000 
120,000 
120 y 000 
120,000 
120,000 
120,000 
120, ooo 
120,oco 

120,000 
120,000 

1000 
1000 
lo00 
1000 
2000 
2000 
2000 

2000 
3000 

3000 
3000 
3000 

1000 

1000 

1000 
1000 
2000 
2000 
2000 
2000 
3000 
3000 
3000 
3000 

100 
200 

300 
400 
100 
200 
300 
400 
100 
200 

300 
400 
100 
200 

300 

400 
100 
200 

300 

400 
100 
200 

300 

400 

D I  AmThX 

74.2 
104 5 
127.8 

I 

147.4 
52.8 

74.2 
90.7 
104 5 
43 -3  
60.8 
74.2 
8s. 5 
90.7 
127.8 
156.3 

9 3  

64.4 
90.7 
110.8 
127.8 

52.8 

74.2 
90.7 

104 * 5 

11-5.1+ 
160.6 
195.4 
224.6 
86.5 
118.6 
U3 01 

' 163.8 
73.8 
99.9 
120.0 
136.9 
137.5 
192 9 
235.4 
271.3 
102,z 
141.l+ 
171.5 
196.8 

86.5 
118.6 
143.1 
163.8 

4 
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b 

THRUST 

80,000 

80,000 

80 , 000 
80,000 
80,000 
80,000 

80,000 
80,000 
80, OOO 

80,000 
80,000 
80,000 

120 , 000 
120,000 

120 , 000 
120,000 

120,000 
120,000 

120,000 

120,000 
120,000 
120,000 
120,000 

120,000 

. TABUP, 

BELL ENGINE DIMENSIONS, EXPANDEB CYCLF: 

pC 

loo0 
lo00 

lo00 
1000 

2000 
2000 
2000 

2000 

3000 
3000 
3000 
3000 
lo00 
1000 
lo00 
lo00 
2000 
2000 

2000 
2000 

3000 
3000 

3000 
3000 

€ 

100 
200 

3 0  
400 
100 
200 

300 
400 
100 
200 

300 
400 
100 
200 

300 
400 
100 
200 

300 
400 
100 
200 

300 
400 

DIAMETER 

74.2 
104 5 
127 . 8 
U7.k 
52.8 
74.2 
90.7 

104 5 
43 03 
60.8 
7492 
85.5 
90.7 

127 . 8 

156.3 
180.3 
64.4 
90.7 
0.8 

127.8 , 
52.8 
74.2 
90.7 

104.5 

LENGTH 

108,4 
153 96 
188.4 
217.6 
79.5 

111 . 6 
136.1 
Z56.8 
64.8 
92.9 

113 00 
129 9 
130 5 
185.9 
228.4 
264 03 
95.2 

134 04 
1454.5 
189.8 
79.5 

111.6 
136 . 1 
156.8 

k 
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THRUST, POUNDS 

CHAMEBR PRESSUFB, PSIA 

O X I D I  ZlTR FLOWRATE, LB/SEC 

FUEL FLOWRBTE, LB/SEC 

ENGINE MIXTURE RATIO 

THRUST CHAMBER MIXTURE RATIO 

SPECIFIC IMPUISE, LB-SEC/LBm 

AREA RATIO 

WEIGHT, POUNDS 

LENGTH, INCHES 

DIAMETER, INCHES 

265,000 

1214 

515 44 

93 * 72 

5 . 5  

5-84 

436 .O 

39.68:l 

4040 

116 

80 

n 
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c 

5,000 

8,000 

10,000 

GAS GENERATOR CYCLE ENGINE DATA 

P, = 800 PSI . 
130 

15 1 

175 

THRUST ( LB ) 

CHAMBER PRESSURE ( PSI ) 

MIXTURE RATIO 

EXPANSION RATIO 

SPECIFIC IMPULSE ( SEC ) 

WEIGHT ( L B )  

LENGTH (IN. ) 

DIAMETER ( IN. ) 

8,000 

800 

5.0: 1 

200: 1 

460.7 

15 1 

62.7 

36.4 

5 

ENGINE WEIGHT ( LB) 
THRUST ( LB) 

220 I 15,000 I 

P, = 1000 PSI 1 
135 I 
::: , , j 
228 
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Appendix C 

STAGE DESIGN DATA 





Table C - 1. Monocoque to Complex Structure Weight Ratio 
for Shell and Interstage 

0.0 

753.5 

1435.0 

1671.4 

5175.0 

6000.0 

120 

0.6700 

0.6325 

0.6000 

0.5875 

0.4200 

0.3800 

--1 

260 

0.5575 

0.4900 

0.4333 

0.4100 

0.1050 

0.0325 

Table C - 2. Tank Support Weight Factors 
- 

CO NFI GURATIO N 

2 MULTIPLE TANKS 

3 MULTIPLE TANKS 

4 MULTIPLE TANKS 

e-1 



Table C - 3. Monocoque to Complex Structure Weight Ratio 
for Thrust Cone Type Thrust Structure 

Table C - 4. Monocoque to Complex Structure Weight Ratio 
for Spider Beam Type Thrust Structure 

LIMIT LOAD ( LB/ 

14 , 999 

21,000 

47 f 000 

110,000 

120 000 

84 , 000 

120 

0.4050 

0.4210 

0.4950 

0.5990 

0.6700 

0 7000 

260 

0 e 4520 

0.4700 

0.5500 

0 e 6625 

0.7410 

0.7710 

a 

9 

... 

c-2 



Table C - 5, Thermal Conductivity of Insulation ( Btu / Hr - Ft - OR ) 

40 
100 

150 

250 

0.01 9.00 

2.10~ 4 . 2 0 ~  10-5 

2 . ~ 9 ~  10-5 4.60~ 10-5 

2 . 5 0 ~  10-5 5.00~ 10-5 

4.60~ 10-5 9,OOx 10-5 

c -3 
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